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Abstract 
Bloodmeal is an ancillary product of the agricultural industry, containing 80 – 
100 % protein, and has been used to create a bio-based plastic called Novatein 
Thermoplastic Protein®, with a proprietary blend of sodium sulfite, sodium 
dodecyl sulfate (SDS), water and triethylene glycol (TEG). Recent investigation 
has shown that the colour and odour of bloodmeal based thermoplastic can be 
significantly improved through the pre-treatment of bloodmeal with equilibrium 
peracetic acid. The resulting decoloured bloodmeal (DBM) no longer relies on the 
addition of sodium sulfite to be processed in conventional thermoplastic 
equipment. The purpose of this study was to gain a comprehensive understanding 
of the role by which peracetic acid decolours bloodmeal and the consequences of 
oxidation on composition, physico-chemical properties, protein structure and 
interactions and final polymer mobility.  
Oxidative decolouring of haem is straightforward when the haem is freely 
accessible or in the form of oxyhaemoglobin and most common oxidants lead to 
cleavage of the porphyrin ring, resulting in a loss of colour saturation. However, 
after extensive thermal treatment during manufacture, the haem present in 
bloodmeal has migrated to inaccessible hydrophobic regions of the protein 
aggregates or has been oxidised to the form of methaemoglobin. Literature 
revealed that methaemoglobin catalytically removes hydrogen peroxide, lowering 
decolouring efficacy. Thus, peracetic acid is required when haem is present in the 
form of methaemoglobin, as is found in bloodmeal. Further, it was confirmed that 
a minimum of 3% w/w peracetic acid, in a 3:1 ratio to bloodmeal is required to 
obtain adequate decolouring (> 70% whiteness based on the RGB colour space). 
The role of each component in equilibrium peracetic acid was established; water 
and acetic acid resulted in protein swelling but were found unlikely to influence 
accessibility of the oxidants to the haem sites and both hydrogen peroxide and 
peracetic acid were consumed in oxidising reactions. Acidic conditions were 
found to reduce the consumption of hydrogen peroxide, possibly through the 
inhibition of hydroxyl radical formation, resulting in less effective decolouring. 
Acetic acid was observed to have a protective effect on protein recovery as well as 
the resulting iron content, molecular mass distribution and secondary structure of 
protein. 
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Due to the large excess of peracetic acid solution required to facilitate diffusion 
and subsequent decolouring, a significant quantity remains unreacted in the 
recovered wastewater. Unreacted peracetic acid was shown to have potential for 
recycling, although in its immediate state it was insufficient to decolour fresh 
bloodmeal. 
The protein-rich decoloured bloodmeal recovered had undergone a change in 
secondary structure composition and was found to contain evidence of a diffusion 
front, consistent with the heterogeneous phase decolouring mechanism. Oxidation 
with peracetic acid was found to result in less β-sheet aggregation compared to 
hydrogen peroxide treatment, although all treatments resulted in an increase in the 
quantity of disordered structures. Oxidation was also found to result in a 
significantly lowered glass transition temperature and along with an increased 
enthalpy of relaxation, evidenced a large improvement in polymer chain mobility 
compared with untreated bloodmeal. 
DBM was found to be comprised of 90 – 99% w/w protein (1 – 10% w/w salt), 
with a significantly higher protein solubility and a similar volume weighted 
molecular mass compared with untreated bloodmeal. Further, DBM was found to 
have a greater composition of charged and polar amino acids, along with a large 
reduction in lysine and small reduction in aromatic and heterocyclic amino acids. 
Additionally, cystine crosslinks which stabilise bloodmeal were found to be 
partially oxidised to cysteine sulfonate compounds and cysteic acid (cleavage of 
the disulfide bond). Such a reduction in the quantity of amino acids which are 
capable of forming covalent networks (lysine, tyrosine and cysteine) support prior 
evidence that DBM no longer requires sodium sulfite to produce a thermoplastic. 
The influence of SDS and TEG on secondary structure and chain mobility at 
ambient and elevated temperatures were explored. It was found that heating DBM 
and DBM with SDS alone is incapable of providing sufficient energy to induce 
mobility and chain rearrangement. However, the addition of TEG was found to 
facilitate chain mobility, and beyond 55 oC significant changes to the secondary 
structure composition was observed, first through the formation of α-helices and 
finally through the aggregation of chains into β-sheets. Wide angle X-ray 
scattering confirmed that the changes in ordered structures composition were 
reversible in DBM which contained both SDS and TEG. 
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The ability of TEG to plasticise DBM was more thoroughly explored, and it was 
found that prior to heating TEG was localised into regions either plasticiser-rich 
or -poor, and this resulted in the presence of two glass transition temperatures. 
After heating, the TEG was more homogeneously distributed, which resulted in 
the presence of one broad glass transition region. 
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Introduction 
 
 
 
Introduction 
Global consumption of agricultural products has established an enormous and 
ever growing industry. The formation of ancillary products during the production 
and sale of animal products from livestock poses serious environmental concerns 
if they are not treated properly. All animal products result in similar waste 
products including carcasses, intestines, feathers, fish bones and scales as well as 
blood. While these are viewed as waste by the livestock producer, they are much 
more valuable after rendering; giving rise to a variety of products such as gelatine, 
meat-and-bone, blood, feather and fish meals. 
New Zealand has a large agricultural industry, processing approximately 2.5 
million cattle, 25 million sheep and lamb and 7 hundred thousand pigs in 2014 [1]. 
Approximately 49% of the live weight of cattle, 44% of pigs, 37% of broilers, and 
57% of most fish species are classified as inedible by-products [2]. Although the 
most valuable components have already been removed during processing, other 
useful elements may remain in the by-products and waste [3]. In their unprocessed 
state these ancillary products are worth as little as 10 - 20% of the animal’s total 
value [4], however after processing may nearly equal the value of the meat. In 
some cases, the value of these by-products exceeds the total operating expenses 
and the margin required to operate profitably [5]. Despite their environmental and 
health risks, these materials are now recognized for their potential to be converted 
into value-added products. 
Global production of animal by-product meals totals ~13 million metric tonnes, 
for which New Zealand contributes ~200 thousand metric tonnes [6]. These high 
protein meals are often used as animal feed ingredients, but due to varying 
nutritional properties and local legislation, may require additional processing. 
Further, in light of global trends regarding legislation for the safe handling and 
disposal of animal by-products, it is becoming apparent that the use of protein-
rich by-products for lower value applications such as animal fodder is no longer 
sensible. 
One of the products of the agricultural industry is bloodmeal, derived from drying 
the inedible blood collected during slaughter. Collectible blood makes up 
approximately 4 – 6 % of an animal’s live weight, which for adult cows and bulls 
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slaughtered in New Zealand represents around 30 – 40 thousand metric tonnes 
annually [1, 7-9]. 
Whole blood is comprised of ~80 wt% water, 17 wt% protein, 0.2 wt% lipid, 
0.1 wt% carbohydrate and 0.6 wt% minerals [10]. Due to its high water and 
nutrient content, it forms an ideal media for bacterial proliferation and must be 
disposed of carefully. In general, slaughterhouses and rendering plants typically 
dispose of collected blood via incineration, to produce bloodchar or by drying, to 
produce bloodmeal. 
Bloodmeal is a low value material (approximately $1.30/kg) primarily used as a 
fertiliser or animal feed additive. Commercial bloodmeal typically contains 5 – 
8wt% water, and 80 – 100 wt% crude protein on a dry basis [11-21], and due to its 
low cost and high protein content has potential to be used as a feedstock for 
higher value applications. 
Bloodmeal is microbiologically stable, relying on its low moisture content and 
water activity for preservation [22]. The amino acid composition of blood proteins 
vary between species. Notably, poultry blood has a significantly higher quantity 
of isoleucine compared to bovine or porcine blood and porcine blood has a lower 
quantity of lysine [23]. Further, differences in composition between species has 
been observed for meals produced by spray drying, where avian bloodmeals have 
higher quantities of arginine, cysteine, isoleucine and tyrosine compared with 
porcine and bovine bloodmeals [24]. Such variation in amino acid content not 
only influences the nutritive quality, but potentially higher value applications such 
as the manufacture of thermoplastics. 
Bloodmeal has been used to produce a second generation bioplastic through the 
addition of urea, sodium sulfite, sodium dodecyl sulfate, water and triethylene 
glycol followed by extrusion [25-27]. The resulting material is black in colour and 
has a peculiar odour which limits its potential markets. To improve its range of 
applications and consumer acceptance, in 2009 an investigation into improving its 
aesthetic qualities through oxidative decolouring was undertaken [28]. 
Bloodmeal was contacted with a variety of aqueous oxidant solutions, with 
varying reduction potentials, including: copper (II) sulfate, sodium hypochlorite, 
sodium chlorite, sodium chlorate, chlorine dioxide, hydrogen peroxide and 
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peracetic acid. The best deodourising and decolouring results were obtained upon 
treatment of bloodmeal with peracetic acid [29]. 
Unlike bloodmeal, the decoloured counterpart was found to have a reduced glass 
transition temperature and increased solubility [28]. Further, peracetic acid also 
led to retention of high molecular mass proteins (compared to hydrogen peroxide 
and sodium hypochlorite) and no longer required the addition of urea or sodium 
sulfite in order to be extruded. 
Despite an improvement in colour and odour and the ability to form a 
thermoplastic material, very little was known about the chemistry and final 
polymer characteristics. For the purpose of optimising the processing and 
mechanical properties of the resin, additional research is required to understand 
the relationship between the extent of oxidation that occurs during decolouring 
and the material properties of the decoloured bloodmeal feedstock. 
Oxidative decolouring of haemoglobin is well documented [30-33]. However, in 
the context of bloodmeal very little is known about the physical and chemical 
mechanisms by which the oxidant penetrates the bloodmeal particle and reacts 
with the haem groups and what modification of the proteins occurred. Further, 
how these changes then influence the material properties of the final product 
needs to be intensively explored. 
The purpose of this work has been to elucidate the mechanism by which 
decolouring occurs, to investigate the resultant protein structure and interactions 
and to discover the effect of processing aids on final polymer mobility. 
Specifically the study aimed to carry out: 
• An investigation of the reaction mechanism and the role peracetic acid 
plays in the decolouring of bloodmeal. 
• Determination of the effect peracetic acid has on protein secondary 
structure and polymer chain mobility. 
• Characterisation of the effect that peracetic acid has on the protein primary 
structure of bloodmeal proteins and the material’s physico-chemical 
properties. 
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• Determination of how processing aids influence protein secondary 
structure and facilitate polymer mobility. 
• Determination of the mechanism by which the amphiphilic plasticiser 
(triethylene glycol) plasticises decoloured bloodmeal. 
These objectives are addressed in the following seven chapters, which comprise a 
literature review, five journal papers and a final concluding chapter. Further 
supplementary reading has been provided in Appendices 1 and 2, which are 
published book chapters exploring the incentives and restrictions to waste 
valorisation of proteins and typical sources and characteristics of animal protein 
by-products respectively. 
In Chapter 2, a full exploration of protein oxidation is covered specifically 
investigating the effect of peroxide or peroxycarboxylic acid oxidation on protein 
structure and physico-chemical properties. This chapter examines the mechanism 
by which haem is degraded in haem-containing proteins, along with the 
consequences of protein oxidation to primary and secondary structure and final 
physical properties of proteins. 
The role of peracetic acid in bloodmeal decolouring is examined in Chapter 3. 
Both the necessity of peracetic acid for ensuring adequate decolouring along with 
a mechanism for decolouring is proposed. The role each component present in 
equilibrium peracetic acid solutions plays in facilitating decolouring is explored 
and a comparison with other equilibrium peroxycarboxylic acids is considered 
with the final consumption of the reactants being established. 
Chapter 4 investigates the effect of the heterogeneous phase decolouring reaction 
on the secondary structure distribution and polymer physics of the proteins in 
bloodmeal. This chapter considers the how peracetic acid overcomes stabilizing 
intra- and intermolecular interactions to increase chain mobility and leads to a 
greater amorphous content in the material. 
Changes to the amino acid composition and physical properties after decolouring 
are explored in Chapter 5. Initially, decolouring is considered in terms of protein 
recovery, along with protein content in the recovered solids. Changes to the 
physical properties of the bloodmeal proteins are subsequently explored through 
changes in solubility and volume average molecular mass. 
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The effect of sodium dodecyl sulphate (SDS) and triethylene glycol (TEG) on 
decoloured bloodmeal (DBM) secondary structure and polymer mobility during 
heating is determined in Chapter 6. Both SDS and TEG are additives required for 
processing decolouring bloodmeal in conventional thermoplastic equipment and 
TEG is required to impart sufficient mobility such that the material can be 
repeatedly processed. 
Triethylene glycol is often used to plasticise protein thermoplastics due to its 
ability to form both hydrophobic and hydrogen bonding interactions. The effect of 
triethylene glycol and heating in overcoming stabilising hydrogen bonding 
interactions has been explored in Chapter 7. Changes in hydrogen bonding 
interactions in pre-extruded DBM plasticised with TEG were monitored 
throughout heating. 
The experimental chapters are followed by a concluding discussion in Chapter 8, 
presenting the final understanding of decolouring as a method of modifying 
bloodmeal for use in thermoplastic preparations. 
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Properties of Proteins after Treatment with 
Peracetic Acid 
 
A Literature Review 
 
 
I prepared the draft manuscript of this literature review, which was refined and edited in 
consultation with my supervisors. This chapter will be edited further to prepare a journal 
paper, for which my supervisors will be credited as co-authors. 
Properties of Proteins after Treatment with Peracetic Acid 
Abstract 
Peracetic acid has recently found commonplace use in many industrial applications 
including use as a bleaching agent in the textiles industry and as a disinfectant 
during sanitization and wastewater treatment. Its extensive use is in part due to 
growing concerns over the environmental impact of chlorine. Peracetic acid does 
not form harmful disinfection by-products, decomposes if discharged into the 
environment and does not result in bioaccumulation. In addition to these advantages, 
peracetic acid is rapidly becoming known for its efficacy in its own right and is 
consequently finding greater use. 
Contacting proteins with oxidants is known to result in changes to the chemical 
structure of the protein. Such changes are generally accompanied by changes in the 
physical and mechanical properties of protein-based materials, limiting their 
potential use. With the use of peroxycarboxylic acids becoming more commonplace 
in industry (particularly the C1-C8 aliphatic series) in the areas of food technology 
and textiles, a thorough investigation of the action of these peroxides on proteins is 
warranted. 
While reviews of the formation and properties of peracetic acid and other 
peroxycarboxylic acids have been published, no comprehensive account exists that 
describes the effects of peracetic acid on protein primary and secondary structure, 
protein interactions or their final physical properties. For a protein to be utilised in 
the food or pharmaceutical industry, maintaining functionality is of the utmost 
importance, subsequently making the impact of oxidation on protein structure 
important. Further, proteins to be used in bio-based materials often require chemical 
modification to alter their physico-chemical properties before processing, oxidation 
is only one means by which this can be achieved, and understanding the 
repercussions for chemical and mechanical properties will greatly impact the 
development of the material. This review investigates the effect of equilibrium 
peracetic acid (PAA) oxidation on protein structure and composition. 
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1 Introduction 
1.1 Production of peroxycarboxylic acids 
Peroxycarboxylic acids are compounds containing one or more peroxo group (-O-
O-) covalently bound to at least one carboxylic acid group. They are derivatives of 
hydrogen peroxide in which one or both hydrogens are replaced by a group 
containing a carboxylic acid. Several methods for producing peroxycarboxylic 
acids exist, the most common of which involves the equilibrium reaction of the 
parent carboxylic acid with hydrogen peroxide in the presence of a strong mineral 
acid [1]. For lower aliphatic carboxylic acids, this yields an aqueous mixture of 
peroxycarboxylic acid, which also contains the parent carboxylic acid, hydrogen 
peroxide and water [2]. 
The proportion and concentration of hydrogen peroxide and carboxylic acid used 
determines the equilibrium composition. Chelating agents are often added during 
processing to reduce metal-catalysed decomposition reactions. Greater yields of the 
peroxyacid can be obtained using preparations containing lower water content, 
typically accomplished through the use of concentrated hydrogen peroxide or 
excess carboxylic acid. The equilibrium position can also be shifted to the right by 
removing water azeotropically and/or under vacuum, and pure peroxycarboxylic 
acids can be obtained by distillation followed by fractional freezing [3].  
Alternative methods for producing peroxycarboxylic acids involve either the 
reaction of carboxylic anhydrides or carboxylic acid chlorides with hydrogen 
peroxides or the autoxidation of aldehydes [3]. A common method for industrial 
production of peracetic acid involves the auto-oxidation of acetaldehyde over a 
metal catalyst and, if the reaction takes place at less than 40 oC and at about 35 bar, 
peracetic acid can be isolated [4]. 
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A summary of the common methods for producing peroxycarboxylic acids is given 
in Table 1.1. 
Table 1.1: Common synthesis reactions for organic peracids. 
Reaction Product Reference 
 
Performic acid 
Peracetic acid 
Perpropionic acid 
Perbutyric acid 
[5, 6] 
  
Peracetic acid 
Mono-peroxyphthalic acid [5-7] 
 m-chloroperbenzoic acid [8] 
 
Peracetic acid 
perbenzoic acid [9, 10] 
 
Perbenzoic acid [11] 
 
Perphthalic acid [12] 
1.2 Physico-chemical properties of peroxycarboxylic acids 
The low molecular weight aliphatic peroxycarboxylic acids are liquids at room 
temperature, whereas the aromatic and higher molecular weight diperoxy aliphatic 
members are solids [2]. Infrared and X-ray studies show that peroxycarboxylic 
acids are dimeric in the solid state owing to hydrogen-bonding interactions, whereas 
in the form of a vapour, pure liquid or in aqueous solutions, are monomeric due to 
the disruption of stabilising dimeric hydrogen bonds [3]. 
Unlike their parent carboxylic acids, which are capable of existing as hydrogen 
bonded dimers in liquid form (and consequently have a relatively low vapour 
pressure and high boiling point), aliphatic peroxycarboxylic acids have higher 
vapour pressures and lower extrapolated boiling points due to their inability to form 
dimers in the liquid state. They are also more water soluble and are much weaker 
acids than the parent carboxylic acids. Like other aliphatic organics, as chain length 
increases the peroxycarboxylic acids become increasingly insoluble in water and 
the C6–C16 peroxycarboxylic acids are soluble in hydrocarbon solvents only [2]. 
The peroxide bond is known for its instability, and easily undergoes thermal or 
photo-induced homolytic cleavage of the weak oxygen–oxygen bond [3]. The 
theoretical bond dissociation enthalpy of the peroxide bond ranges from 92 to 213 
kJ/mol (22 to 51 kcal/mol) [13]. Peroxycarboxylic acids are among the strongest 
 13 
organic peroxide oxidising agents and have found extensive use in applications such 
as epoxidation, hydroxylation and bleaching reactions. 
During reactions with proteins, hydrogen peroxide and peracetic acid may be 
consumed in four classes of reactions: 
x decomposition reactions (spontaneous and transition metal ion catalysed 
degradation/hydrolysis) [14-18], 
x protein oxidation (cross-linking, fragmentation, side-chain modifications) 
[19, 20], 
x deodourising by reaction with odour-causing compounds [16, 21], and 
x decolouring by reaction with colour-causing compounds [22]. 
The major products of these reactions include modified proteins, ethanoic acid, 
carbon dioxide and oxygen [20, 23]. 
1.3 Peracetic acid 
Peracetic acid (PAA) has been used since the early 1940s in a number of roles 
(Table 1.2); it finds extensive use as a bleaching agent and disinfectant and in 
wastewater treatment due to growing concerns over the environmental impact of 
chlorine. PAA is most commonly used in the textile industry for bleaching of wool, 
and linen, generally giving better brightness and less fibre damage than the 
alternatives. PAA is also known to be effective in food and surface sanitisation [20, 
24-26] and is regarded as superior since it does not form harmful disinfection by-
products in quantities greater than allowable, it decomposes if discharged into the 
environment and bioaccumulation is unlikely to occur [27, 28]. Recently, PAA has 
found use for bleaching bloodmeal feedstock prior to bioplastic production [29]. 
Table 1.2: Common uses of peracetic acid in industry. 
Industry Role Ref 
Textiles Wool bleaching [19, 30, 31] 
 Cotton bleaching [17, 32, 33] 
 Other fibre bleaching [34-38] 
 Chemical modification of fibres and fabrics [39] 
Pulp and Paper Delignification  [40-44] 
 Bleaching [23, 45, 46] 
Organic synthesis Epoxidation [47, 48] 
 Hydroxylation [49-51] 
Disinfection Food industry [20, 24-26] 
 Wastewater disinfection [16, 21, 52-56] 
 Disinfection of surgical instruments [57-59] 
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Peracetic acid is an equilibrium mixture of PAA, hydrogen peroxide (HP), acetic 
acid (AA) and water, produced commercially by reacting glacial acetic acid with 
hydrogen peroxide in the presence of a mineral acid catalyst, such as ~1 wt% 
sulfuric acid [60]. The catalyst remains once equilibrium is obtained, leading to a 
pH less than 1. The concentration of PAA can be increased by distillation to produce 
non-equilibrium mixtures removing a portion of the AA, HP and water, although 
this is more expensive and raises safety concerns due to the explosive nature of 
peroxides.   
The equilibrium composition of a commercial peracetic acid solution is typically 5 
– 6 wt% (where wt% = percentage by mass) peracetic acid (PAA), 21 – 23 wt% 
hydrogen peroxide (HP), 10 – 11 wt% ethanoic acid and 63 – 65 wt% water [61]. 
Chelating agents are added to minimise the transition metal ion catalysed 
decomposition of peracetic acid to acetic acid and oxygen [62, 63]. 
 
In an equilibrium mixture, peracetic acid may be consumed as follows [14-17]: 
Hydrolysis:   
 
Spontaneous decomposition:   
 
Transition metal catalysed decomposition: 
 
The equilibrium constant for peracetic acid at 20 oC results in an equilibrium 
mixture containing ~5 wt% PAA and has been calculated as approximately K= 2, 
indicating that the formation of the products is favoured but the reaction is easily 
reversed [62]. The rate of reverse reaction is half that of the forward reaction at 
20 oC, however as temperatures approach 60 oC the rates are approximately equal, 
Table 1.3, this indicates that at higher temperatures hydrolysis of peracetic acid may 
become significant during exothermic reactions [62]. 
  
 15 
Table 1.3:   Summary of the composition of the reaction mixture, equilibrium state, 
equilibration time, equilibrium constant and forward and reverse reaction rates for 
the formation of peracetic acid, at 20, 40 and 60 oC at pH ~ 1.2. Reaction rate for 
spontaneous decomposition k3 of peracetic acid at pH 5.5 [14]. 
T 
(oC) 
Equilibration 
Time (h) 
Initial 
concentration 
(molL-1) 
Equilibrium 
concentration          
(molL-1) K 
k1 
(x10-5 
Lmol-1s-1) 
k2 
(x10-5  
Lmol-1s-1) 
k3 
(x10-5 
Lmol-1s-1) 
HP AA PAA HP AA 
20 36 9.88 2.47 0.84 9.04 1.63 2.10 6.81 3.25  
40 28 9.88 2.47 0.68 9.20 1.80 1.46 8.55 5.85 7.1 
60 22 9.88 2.47 0.54 9.33 1.93 1.07 13.82 12.92  
Peracetic acid is also a weak acid, with a pKa of 8.2 and is able to partially dissociate 
at higher pH. This enables the peracetic acid molecule to undergo spontaneous 
decomposition via the nucleophilic attack of the peracetate anion upon another 
peracetic acid molecule (or hydrogen peroxide), to form two acetate anions and 
oxygen [64]: 
 
From this scheme the rate of PAA degradation owing to spontaneous decomposition 
is:  
> @ > @23PAA PAAkt  w
w
 
Due to the high pKa of peracetic acid (little dissociation at low pH), the rate of 
spontaneous decomposition of peracetic acid at low pH such as that of commercial 
PAA (<1) should be small. It was found that the dependence of kinetics of 
decomposition on total peracetic acid concentration was second-order in PAA, and 
that at 40 oC for pH 5.5 k3 is 7.1 x 10-5 Lmol-1s-1, comparable with the rate of 
hydrolysis at the same temperature (Table 1.3), and increases to its maximum 
observed rate, 7.4 x 10-3 Lmol-1s-1 at pH 8.2, the pKa of peracetic acid. This indicates 
that for an equilibrium mixture at low pH spontaneous decomposition of PAA is 
unlikely to cause significant changes in the concentration of PAA compared with 
the rate of formation and hydrolysis, thus giving a stable quantity of PAA over time. 
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2 Reactive oxygen species from peracetic acid 
Reactive Oxygen Species (ROS) is an umbrella term used to describe a number of 
reactive molecules and free radicals derived from molecular oxygen and 
hydroperoxides. These molecules have great potential to cause a variety of both 
useful and sometimes adverse chemical events.  
The reactive oxygen species considered in bleaching reactions are generated 
through the activation or decomposition of hydroperoxides (although radical 
formation can occur from atomic oxygen). Oxygen has two unpaired electrons in 
separate orbitals in its outer electron shell, making it susceptible to radical 
formation. Sequential reduction of oxygen through the addition of electrons leads 
to the formation of a number of ROS including: superoxide, hydrogen peroxide, 
hydroxyl and perhydroxyl radicals (Figure 2.1). 
 
Figure 2.1: Lewis diagrams of common reactive oxygen species generated from molecular 
oxygen or hydroperoxides. 
At the low pH of commercial PAA solutions, peracetic acid and hydrogen peroxide 
are undissociated and both act as electrophiles. Peroxyacids are ambident 
electrophiles and are susceptible to nucleophilic attack at either the outer peroxide 
oxygen or at the carbonyl carbon. Peracetic acid is known for its high reduction 
potential and its ability to form a variety of free radicals [13, 65] and activation of 
peracetic acid (and hydrogen peroxide) may occur via light, heat or transition metal 
catalysis giving rise to homolytic cleavage to yield hydroxyl, acyloxy, perhydroxyl 
and acetyl radicals [65] as shown below:  
1. acyloxy radical  +  hydroxyl radical 
  
2. acetyl (carbon centred) radical  +  perhydroxyl radical 
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Peracetic acid is able to react with the hydroxyl radical generated in (1) to yield the 
acetoxy radical (3), acylperoxy radical (4) and the perhydroxy radical (5) [65]. 
3. acetoxy (oxygen centred) radical + oxygen + water  
 
4. acylperoxy radical + water 
 
5. acetic acid + perhydroxyl radical 
 
The acyloxy radical formed in (1) is very unstable and tends to dissociate by 
monomolecular decarboxylation to yield a methyl radical and carbon dioxide [65]: 
 
However, in the reactions where the carbon-centred radical is resonance stabilised, 
the reaction is reversible and is followed by the interaction of methyl radicals with 
oxygen to produce the methyl peroxy- radical [65]. 
 
This reaction is relatively fast in oxygen-saturated environments, and therefore, the 
amount of methyl radicals in the reaction system is limited [65]. A hydroxyl radical 
formed as a primary radical simultaneously reacts with CH3OO . to generate a new 
PAA molecule, restarting the new oxidation cycle. 
 
During sterilization processes PAA is considered to be more effective than 
hydrogen peroxide due to the greater longevity of the radicals it generates compared 
to the hydroxyl radical generated by hydrogen peroxide [66]. 
3 Use of PAA to degrade chromophores 
Dyes typically have a complex aromatic structure, and are problematic in 
wastewaters (which may enter surface waters) due to their high attenuation of light, 
chemical resilience and potential toxicity. 
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A dye’s colour is imparted by the presence of a chromophore; a system of 
delocalised electrons created by the conjugation of double bonds which absorb 
specific wavelengths of electromagnetic radiation. These chromophores are 
typically -C=C-, -C=O, - C=S, -N=N-, -N=O, -NO2, -C=NH [67]. 
Not all chromophores absorb visible or ultraviolet light, however the colour of a 
compound can be further deepened, lightened, intensified or diminished by the 
addition of electron withdrawing or donating substituents. These substituents 
change the size of the system of delocalised electrons. These functional groups are 
known as auxochromes and include: –OH, -NH2, NH3, -COOH and -SO3H groups 
[67]. 
The bleaching action of peracetic acid is mainly the result of epoxidation of the 
double bonds present in unwanted coloured compounds [68]. Peracids, with or 
without activating compounds (transition metals) have been employed as low 
temperature oxidants in detergency and other applications for the last two decades.  
3.1 PAA degradation of haem 
During decolouring the desired function of PAA and HP is to degrade the haem 
chromogen (Figure 3.1). At low pH both HP and PAA act as electrophiles, attacking 
regions of high electron density, such as the methene bridges in haem and other 
chromophores, resulting in a loss of extended conjugation and a consequent loss in 
colour. 
 
Figure 3.1: Structure of haem tetraporphyrin chelating ferrous iron. 
Haem is comprised of a tetraporphyrin ring, which chelates iron II (Fe2+) and is 
located within the hydrophobic pocket of each of the four globin chains of 
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haemoglobin. The iron II centre forms a six coordination complex, of which four 
positions are occupied by the planar nitrogen atoms of the porphyrin ring, a fifth by 
a covalent bond with a histidine residue of the globin chain, and the sixth position 
is reversibly occupied by exogenous ligands, such as oxygen, carbon dioxide or 
water [69]. 
The iron centre in haem can exist in various oxidation states; in the ferrous oxidation 
state the haem chelates oxygen, and the haemoglobin is referred to as 
oxyhaemoglobin (Fe2+, iron II) and is red in colour (Figure 3.2). When the oxygen 
dissociates it becomes deoxyhaemoglobin (Fe2+, iron II). Exposure to oxygen-rich 
environments can cause the iron in oxyhaemoglobin to be oxidised to its ferric state 
resulting in methaemoglobin (Fe3+) where the sixth co-ordination position is 
occupied by a hydroxide ion or water and the molecule is dark red-brown in colour 
[38]. 
 
Figure 3.2: Various oxidation states iron present in the haem located within each of the 
four globin chains of the haemoglobin molecule (Hb). Changes in the iron’s oxidation 
number result in changes to ligand binding as shown. Reproduced from ref. [69], Copyright 
(2009), with permission from John Wiley and Sons. 
Unfortunately, hydrogen peroxide alone is unable to degrade all of the haem present 
in red blood cells, owing to the catalytic removal of hydrogen peroxide by 
methaemoglobin (HbFe3+) [70]. When the haem iron in haemoglobin is in the ferric 
state (Fe3+), as in methaemoglobin, and the haem’s 6th coordination position is 
unoccupied, it is able to be accessed by the hydroperoxide group R–O–O–H. This 
results in the oxidation of ferric haem to the free radical cation oxoferrylHb 
(Figure 3.3), with the generation of a free radical on either the porphyrin moiety of 
the haem or on an amino acid; this destruction of hydroperoxide is frequently 
observed in peroxidases and other haem containing proteins [69, 71, 72]. 
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 Figure 3.3: Oxoferrylhaemoglobin ( HbFe4+O . ). 
The π-radical on the oxoferrylHb is rapidly transferred to a nearby amino acid 
residue on the protein, and undergoes a cascade of transfers and transformations. 
The free radicals formed via this oxidation vary depending on the type of proteins 
and enzymes involved, but are generally formed on tyrosine, tryptophan and 
sometimes cysteine residues [71]. 
Thus, unlike free haem which can be directly oxidised by HP, or oxyhaemoglobin 
(HbFe2+) which reacts with HP to form a superoxide radical that degrades the haem 
moiety, methaemoglobin (HbFe3+) reacts with HP to form oxoferrylhaemoglobin 
(HbFe4+O), with a protein radical centred on the globin chain (Hb) [69, 71, 72]. 
Oxoferrylhaemoglobin can then be reduced by HP, forming molecular oxygen and 
water, regenerating methaemoglobin, and this chain reaction causes the catalytic 
removal of HP with a resultant loss of oxidation power [70]: 
HbFe3+  + H2O2  →  Hb . Fe4+O +  H2O 
Hb . Fe4+O + H2O2  →  HbFe3+  + O2  +  H2O 
At the acidic pH encountered during peracetic acid decolouring, the oxoferryl 
species is also able to become protonated to form [Fe4+OH-]3+, which has a pK1 
value of ~3.5 [73], and is considered to have a radical-like nature as it is 
electronically equivalent to the ferric haem species with a radical on either the 
hydroxyl ligand, the porphyrin  or the globin, shown below: 
 
≅
≅ 
≅ ≅
≅ 
Where electronically: 
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In addition to reactive oxoferrylHb, free iron species are also able to react with 
hydrogen peroxide to generate highly reactive hydroxyl radicals [70]: 
Fe2+  + H2O2  →  Fe3+  + OH . +  OH− 
Peroxyl radicals can also be generated from the metal ion catalysed decomposition 
of hydroperoxides [74]: 
Fe3+  + ROOH →  Fe2+  + ROO .  +  H+ 
Due to the presence of several reactive species and free radicals, subsequent 
oxidative damage is likely to occur rapidly as the radicals undergo auto-reduction 
reactions, by direct intramolecular oxidation of a nearby protein residue, or through 
protonation linked to oxidation of the substrate molecule [71]. For example, the 
most likely radical to be formed on a protein chain (from a porphyrin π-cation 
radical reduction) is a cation radical generated on an amino acid residue with a low 
oxidation potential such as tryptophan or tyrosine. This cation radical can then 
oxidise another tryptophan or tyrosine residue on the same protein within a few tens 
of picoseconds, creating a very fast transfer of the cation radical over a cascade of 
tryptophan and tyrosine residues, eventually becoming deprotonated to become a 
neutral radical [71]. 
4 Protein Oxidation 
The radicals described above are able to undergo a variety of reactions with amino 
acids and proteins, such as hydrogen abstraction, electron transfer (oxidation or 
reduction of the substrate) or addition. Radicals formed on amino acids may cause 
them to undergo fragmentation, rearrangement, dimerisation, disproportionation or 
substitution [74].  
For the most part, most oxidative systems result in a general loss of amino acids. 
Exposure of bovine serum albumin to OH . , with or without O2.− resulted in similar 
dose-dependent losses of most amino acids. Further, the superoxide radical anion 
alone (O2.−) was not found to significantly damage any of the amino acids in BSA 
(except cystine); despite the ability of superoxide to undergo dismutation to form 
hydrogen peroxide. Hydrogen peroxide was only found to cause amino acid 
modification in the presence of transition metal ions with which it forms hydroxyl 
radicals [75], it was concluded that all amino acid modifications (except some 
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related to cystine) originated from reactions involving the hydroxyl radical (not the 
superoxide radical) [75]. Follow up studies indicated that although the hydroxyl 
radical initiates protein peroxidation, further reactions with the perhydroxyl anion 
(HO2−) and its conjugate base O2.− were responsible for the generation of stabilised 
peroxide end products [76]. 
4.1 Primary structure 
Proteins are heterogeneous polymers derived from the condensation reactions of 
the 20 L-amino acids shown in Figure 4.1. Protein oxidation can result in changes 
at several levels. First it may directly alter amino acid residues, resulting in the 
possibility of hydrolysis, chain scission and crosslinking. Such changes are likely 
to be influenced by, and themselves influence, the proteins secondary structural 
components. Further, changes to the primary and secondary structures within 
proteins are likely to result in a loss of functionality for native proteins, and also 
impact their physical properties such as isoelectric point, hydrophilicity, swelling, 
solubility, elasticity, toughness and strength [77, 78]. Complete loss of amino acid 
side chains is also possible, yielding short chain aldehydes and ketones [77]; this 
can potentially result in improved chain regularity and greater polymer mobility in 
protein based materials. Ultimately, alterations to primary structure of a protein are 
linked with increased proteolysis [75] and potentially change the way in which 
proteinous materials breakdown during their final use and disposal. 
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 Figure 4.1: Structures of the 20 common L- amino acids. 
4.1.1 Peptide cleavage 
The α-carbon of amino acids in the polypeptide chain (the site of attachment of the 
side-chains), and to a lesser extent the β-carbon and other carbons in the side chain 
of aliphatic amino acid residues are vulnerable to attack by ROS (Figure 4.2). The 
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most damaging reaction proteins can undergo with reactive oxygen species is 
hydrogen abstraction from the peptide backbone at the α-carbon position, 
generating a resonance-stabilised carbon radical. These carbon radicals are able to 
undergo further reactions, resulting in cleavage of the peptide bond. 
 
Figure 4.2: Peptide chain indicating the α-, β- and γ- carbon centres where hydrogen atom 
abstraction may occur. 
Exposure of amino acids, peptides and proteins in solution to ionising radiation 
results in the formation of alkyl peroxide and hydroxyl derivatives, (owing to the 
generation of the hydroxyl and protonated superoxide radicals from water) [79]. A 
similar reaction mechanism is purported to occur for amino acids, peptides and 
proteins exposed to hydrogen peroxide initiated by the formation of the hydroxyl 
radical (generated via the homolytic cleavage of H2O2 by iron or copper ions), 
shown in Figure 4.3 [80]. 
 
Figure 4.3: Hydroxyl radical formation and oxidation of protein substrate through the 
formation of a peroxyl radical and hydroperoxy intermediate. Reproduced from E. R. 
Stadtman and R. L. Levine Free Radical-mediated Oxidation of Free Amino Acids and 
Amino Acid Residues in Proteins, Amino Acids (2003) 25(3) p. 207-218, Figure 1 [80]. 
Copyright (2003) Springer-Verlag, with kind permission from Springer Science and 
Business Media. 
α
* 
γ * 
β*  
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The hydroxyl radical dependent abstraction of hydrogen generates a carbon-centred 
radical (reaction c, Figure 4.3), stabilised via electron delocalisation to the 
neighbouring carbonyl and nitrogen groups, which in aerobic environments is 
converted to the peroxyl radical (reaction d) [80, 81]. Reaction of this carbon radical 
with another radical is expected to be limited due to steric hindrance. 
The fate of the generated peroxyl radical has yet to be fully elucidated. However, it 
is known to be converted to an alkyl peroxide via reaction with the protonated 
superoxide radical (reaction e) or via abstraction of hydrogen from another 
molecule (reaction f) [82]. Subsequent reactions of the alkyl hydroperoxide with 
the protonated superoxide radical (HO2. ) generates an alkoxyl radical (reaction h), 
followed by the formation of the hydroxy derivative (reaction j) [80]. Alternatively, 
in the absence of oxygen the alkyl peroxide may undergo reductive diamidation 
(Figure 4.4A) via an alkoxyl radical mediated process, resulting in backbone 
fragmentation with the production of a diamide and an isocyanate derivative [79, 
81]. 
Figure 4.4: Peptide or protein (I) cleavage pathways. A: diamide pathway, generating a 
diamide (II) and isocyanate derivative (III) and B: α-amidation pathway, generating a 
terminal amide group (IV) and a keto-acyl derivative (V). Reproduced from E. R. Stadtman 
and R. L. Levine Free Radical-mediated Oxidation of Free Amino Acids and Amino Acid 
Residues in Proteins, Amino Acids (2003) 25(3) p. 207-218, Figure 2A [80]. Copyright 
(2003) Springer-Verlag, with kind permission from Springer Science and Business Media.  
However, in aerobic environments the peroxyl radical is more likely to undergo an 
elimination reaction yielding a protonated superoxide radical with the generation of 
an imine, which undergoes spontaneous hydrolysis (backbone fragmentation) to 
give a terminal amide group and a keto-acyl derivative (Figure 4.4B) [79, 83].  
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Another pathway for peptide cleavage involves the oxidation of proline residues to 
the 2-pyrrolidone derivative via the hydroxyl radical (Figure 4.5) [84].  
 
Figure 4.5: Proline oxidation resulting in peptide cleavage [84]. 
It is fortunate that abstraction of hydrogen atoms from the α- and β- carbons in 
peptides and proteins by electrophilic free radicals (such as the hydroxyl radical) 
rarely occurs. Both chlorine and the hydroxyl free radicals have been shown to 
prefer reacting with C-H groups away from these centres (γ-, δ-, ε- C-H groups) to 
produce radicals unlikely to result in chain scission [85]. The degradation of peptide 
bonds may not result in an immediate change in molecular weight as the broken 
molecule is still held together by hydrogen bonding and electrostatic interactions. 
Such changes may only be observed in proteins during subsequent heating, when 
the newly formed fragments are able to link together through new hydrogen bonds, 
forming aggregates which precipitate (decreasing solubility and increasing 
viscosity). 
There is a variety of amino acid residues present in peptides and proteins which 
offer many other potential sites for attack in addition to attack on the backbone; free 
radical reactions lead to the formation of a large array of protein radicals, which 
depends on the nature of the attacking radical. For example, electrophilic radicals 
(such as the hydroxyl or alkoxyl radicals) preferentially oxidise electron-rich sites, 
whereas nucleophilic radicals (such as phenyl and other carbon radicals) attack 
electron-deficient sites [74]. If two protein radicals come into close proximity they 
may form a new covalent cross-link with one another, although this is less likely to 
occur for steric reasons [20]. 
4.1.2 Carbonyl formation 
Oxidation of protein yields an increase in carbonyl content [20, 78], which is often 
used as a marker of oxidative damage to proteins [86]. Carbonyl functional groups 
may be a result of oxidative cleavage of the peptide backbone via the α-amidation 
pathway [79]. However, protein oxidation can also generate carbonyl compounds 
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through the conversion of tryptophan residues to kynurenine or N-
formylkynurenine [87-89], histidine to 2-oxohistidine [87, 90], lysine, arginine, and 
proline residues to other carbonyl derivatives such as semialdehyde [84, 91], 
methionine residues to methionine sulfoxide or methionine sulfone derivatives [79, 
89, 92], cysteine residues to disulfide derivatives [79, 93] and cystine residues to 
cysteic acid [89]. Common oxidation products of amino acid residues in proteins 
are given in Table 4.1. 
Table 4.1: Amino acid Oxidation products [77, 90, 94]. 
Amino acid Oxidation products 
Arginine Glutamic semialdehyde 
Cysteine Cystine, cysteic acid 
Glutamate Oxalic acid, pyruvic acid 
Histidine 2-oxo histidine, asparagine, aspartic acid 
Lysine 2-aminoadiapic semialdehyde, 3-, 4- and 5- hydroxylysine 
Methionine Methionine sulfoxide, methionine sulfone 
Phenylalanine 2,3-Dihydroxyphenylalanine, 2-, 3-, and 4-hydroxyphenylalanine 
Proline 2-Pyrrolidone, 4- and 5-hydroxyproline pyroglutamic acid, glutamic semialdehyde 
Threonine 2-Amino-3-ketobutyric acid 
Tryptophan 2-, 4-, 5-, 6- and 7-hydroxytryptophan, nitrotryptophan, 3-hydroxykynurenine, 
formylkynurenine 
Tyrosine 3,4-Dihidroxyphenylalanine, Tyr-Tyr cross-linkages, Tyr-O-Tyr, cross-linked nitrotyrosine 
In systems containing other components, carbonyl derivatives can also be formed 
as a consequence of secondary reactions of some amino acid side chains with lipid 
oxidation products or with reducing sugars or their oxidation products [86]. 
The carbonyl groups of proteins generated by any one of these mechanisms, may 
then react with the α-amino group of lysine residues to form intra- or inter-
molecular protein cross-links by formation of a Schiff base in a Maillard-type 
mechanism and such secondary reactions, which do not involve radicals, will be 
accelerated by the heat generated during oxidation [86]. 
4.1.3 Changes to specific classes of amino acids 
There is a large variation in the rates of free radical attack by species such as the 
hydroxyl radical on free amino acids, ranging from ~1×107 dm3mol−1s−1 for Gly to 
~1×1010 dm3mol-1s−1 for Trp, His and Cys [74]. Differences in kinetics for each 
amino acid can be accounted for in terms of preferential attack at positions distant 
to deactivating groups (electron withdrawing), specifically the protonated amine 
group on the α-carbon or in the presence of radical stabilising groups (electron 
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donating) on some side chains. The deactivating effect of the protonated amine 
group is exerted over several bond lengths, and thus attack on hydrocarbon side 
chains (such is the case for Val, Leu, Ile) is skewed towards the most remote 
positions [74]. 
Presumably, the primary, secondary and tertiary structure of a protein also greatly 
influences the reactivity of each amino acid residue and any losses would be 
expected to have a dramatic effect on the final protein structure and function.  
Nevertheless, most studies of hydroxyl radical oxidation of amino acids in proteins 
are in agreement with known rate constants for free amino acids [75]. The most 
susceptible being tryptophan, histidine, tyrosine and cysteine compared with most 
other residues. The close agreement between the reaction rates of free amino acids 
and those within proteins is likely to be due to the small size of the hydroxyl radical, 
allowing easy penetration through the tertiary and secondary structures of the 
protein. Alternatively, the presence of haem iron or other transition metals buried 
within the protein chains may also contribute to the formation of hydroxyl radicals, 
which react with amino acids in the immediate vicinity as described in Section 3.1 
above. 
Another determining factor in the selectivity of free radical attack is the presence 
of functional groups which can stabilise the resulting radical. For example, 
hydrogen abstraction occurs preferentially at positions adjacent to electron 
delocalising (stabilising) groups such as the hydroxy groups (in Ser and Thr), 
carboxyl and amide functions (in Asp, Glu, Asn, Gln), and the guanidine group in 
Arg [74]. The protonated amine function on the Lys side chain has a similar effect 
to the amine group on the α-carbon, resulting in hydrogen abstraction at positions 
remote from both (from the C-4 and C-5 positions) [74].  
Unlike aliphatic amino acids, addition to the aromatic rings of Phe, Tyr, Trp, His, 
and the sulfur atoms of Met and Cyst generally take place in preference to hydrogen 
atom abstraction from the methylene groups. This is due to the addition reactions 
occurring faster, as no σ- bond breaking occurs in the rate-determining step [95] 
and the adduct species is stabilised by electron delocalization about the ring or to 
the sulfur group resulting in the hydroxy derivatives, discussed below in more detail 
[74, 96]. 
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4.1.4 Aromatic and heterocyclic amino acids 
Oxidation of any of the aromatic amino acids involves the sequential attack of two 
reactive oxygen species. Most oxidation reactions are initiated through the attack 
of a hydroxyl radical on any of the aromatic carbons, proceeding through a radical 
intermediate. For phenylalanine and tyrosine, the first radical attack is an addition 
to form the radical intermediate, followed by abstraction of a hydrogen atom from 
the aromatic carbon atom by the second radical, forming the oxidised product [96] 
(Figure 4.6A). Alternatively but to a lesser extent, the abstraction of a hydrogen 
atom from the aromatic group on the amino acid may also take place (Figure 4.6B). 
 
Figure 4.6: Reaction of aromatic amino acid with hydroxyl radicals. A: Hydroxyl addition 
reaction followed by hydrogen abstraction, B: Hydrogen abstraction followed by hydroxyl 
addition [96].  
A computational study [96] indicates that for phenylalanine and tyrosine, radical 
intermediates which are formed after the addition of the hydroxyl radical onto any 
of aromatic positions (Figure 4.6A) are ~12 kcal mol-1 more stable than 
intermediates formed from hydrogen abstraction (Figure 4.6B); predicting that the 
first radical attack is an addition, forming the radical intermediate and that the 
second radical abstracts a hydrogen atom from the carbon atom, forming the 
oxidised product [96]. This study also indicated that the most stable radical 
intermediates for Phe and Tyr would form from the abstraction from the aliphatic 
A 
B 
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β-carbon (not addition to the aromatic ring), owing to the fact that aromaticity is 
maintained and allowing the radical to be stabilised by its delocalisation over the 
aromatic ring. However, when the second radical eliminates the hydrogen atom 
from the intermediate radical adduct, which is shown in Figure 4.6A, the 
aromaticity in the structure is recovered. 
Thus, oxidation at any position on the aromatic ring results in products which are 
more stable than the oxidation of the aliphatic β-carbon [96], in agreement with the 
experimentally observed oxidation products for Phe and Tyr [74, 80]. 
Phenylalanine residues are oxidised to ortho- and meta-tyrosine derivatives 
(Figure 4.7) [80], tyrosine residues are converted to the 3,4-dihydroxy derivative 
and also to bityrosine cross-linked derivatives (Figure 4.8) [75, 89, 97-99]. 
 
Figure 4.7: Oxidation products of phenylalanine commonly occurring in oxidised proteins 2, 3- or 
4-hydroxyphenylalanine and dihydroxyphenylalanine derivatives. 
 
Figure 4.8: Oxidation products of tyrosine commonly occurring in oxidised proteins includes 3,4-
dihydroxyphenylalanine, 3,4,5-trihydroxyphenylalanine and bityrosine. 
The reaction of a hydroxyl radical with tryptophan is more complex due to the 
presence of an indole group. However, the reaction involving the addition of the 
hydroxyl radical to the aromatic group, forming the radical adduct, followed by 
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hydrogen abstraction is favoured [96]. Further, two additional atoms in the pyrrole 
ring are also open to radical attack; the C8 atom and abstraction from the N atom 
which are considered more stable than those that are formed by the addition on to 
the aromatic ring carbon atoms (Figure 4.9). Typical oxidation products of 
tryptophan include 2-, 4-, 5-, 6-, or 7- hydroxy derivatives and also N-
formylkynurenine and kynurenine [87-89]. 
 
Figure 4.9: Tryptophan residue and positions on indole ring susceptible to radical attack (*), and 
advanced oxidation products commonly observed in proteins, N-formylkynurenine and kynurenine. 
It is probable that the accessibility of a radical to the target amino acid is strongly 
influenced by the bulk of the protein [96], explaining the preference for hydroxyl 
radical attack at the meta positions of tyrosine (as the ortho positions are more 
hindered by the protein backbone). Consequently, the protein backbone is the target 
of radical attack with small amino acid side chains, whereas in larger residues, the 
reaction occurs primarily on the side chain [100]. 
Aromatic and heterocyclic amino acid residues are particularly vulnerable to 
oxidation by various forms of reactive oxygen species. The most likely radical to 
be formed on a protein chain is a cation radical generated on an amino acid residue 
with a low oxidation potential [71, 101]. For haem containing proteins, peroxide 
reacts with haem to form the oxoferryl (Fe4+O) intermediate species with the 
generation of a radical cation, typically located on the π-system of haem, 
[ Por . Fe4+O]. This π-radical is rapidly transferred to a nearby amino acid residue 
which has a low oxidation potential, such as tryptophan or tyrosine [71, 101]. 
Studies involving PAA and HP have shown that this is often the case, but varies 
depending on the type of protein involved and the chemical conditions. 
For instance, in cytochrome c peroxidase, PorFe4+O coupled with a tryptophan 
radical cation is formed [102, 103], whereas for other haem proteins and enzymes 
such as myoglobin [104], bovine catalase [105], turnip peroxidase [106] or catalase 
peroxidases [107] tyrosyl or tryptophanyl radicals are formed. In the case of 
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cytochrome c, above pH 7 an oxoferrylHb π-cation radical ( Por . Fe4+O) forms, 
whereas at acidic pH, PorFe4+O and tyrosyl radical is formed (from the π-cation 
radical shifting to the tyrosine residue) [101]. 
Eventually such species become deprotonated and transformed into a neutral radical 
[71] or are terminated after attacking an electron rich site. Thus, addition of atoms 
to the aromatic rings of phenylalanine, tyrosine, tryptophan and histidine, and the 
sulfur atoms of methionine and cystine predominates over abstraction from the 
methylene (-CH2-) groups in the protein backbone [74]. 
Tyrosyl radicals are also produced from hydrogen abstraction on the aromatic ring 
by the hydroxyl radical. Another common reaction for these tyrosyl radicals 
involves reacting with nearby tyrosyl radicals (or with tyrosine) to form stable 
biphenolic compounds. The 2,2’-biphenol, bityrosine, appears to be the major 
product [75]. Little or no bityrosine is produced by exposure to 𝑂2.−alone or in the 
presence of hydroxyl radical scavengers [75] and in the case of red blood cells, 
bityrosine is formed during oxidation with hydrogen peroxide [99], thus it seems 
that bityrosine formation occurs only during reaction with hydroxyl radicals. 
Histidine is particularly good at chelating metal ions, often forming metal binding 
sites in proteins (such as haemoglobin). This characteristic may explain why 
histidine is particularly sensitive to metal catalysed oxidation reactions, in which 
Fenton chemistry can take place resulting in high concentrations of ROS in close 
proximity to reactive sites [108]. Metal catalysed oxidation of histidine produces 2-
oxohistidine (Figure 4.10), which is able to undergo further oxidation to generate 
open-ring products such as aspartate and asparagine [87, 90]. 
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 Figure 4.10: Oxidation of histidine to form 2-oxohistidine [87, 90]. 
4.2 Sulfur containing amino acids 
Cysteine, cystine and methionine are particularly sensitive to reactive oxygen 
species due to their electron rich sulfur atoms. One electron oxidation of cysteine 
with radical oxidants can generate thiyl radicals.  
 
These species have two major pathways: reaction with other thiol/thiolate to form 
disulfide, or reaction with O2 to generate thiyl peroxyl radicals (RSOO .) [109]. 
4.2.1 Methionine 
Methionine residues are sensitive to oxidation by a large variety of reactive oxygen 
species. Ozone [89, 110], hydrogen peroxide [111], alkyl peroxides [112], 
hypochlorous acid [20, 92], metal catalysed reactions [113] and ionising radiations 
[79] have all been shown to convert methionine residues in proteins to methionine 
sulfoxide derivatives. The major product from methionine oxidation is sulfoxide, 
which can be further oxidised to sulfone [92].  
4.2.2 Cysteine 
The two electron oxidation of cysteine can result in the formation of cysteine 
sulfenic acid (CysSOH), cysteine sulfinic acid (CysSO2H), and cysteine sulfonic 
acid ( CysSO3H ) [79]. These species are unstable and can yield oxyacids by 
hydrolysis reactions or disulfide bonds by reacting with another thiol group [109]. 
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Hydrogen peroxide oxidation of the protein thiol group forms the sulfenic acid 
derivative (RSOH) which is considered repairable through the addition of excess 
cysteine or other thiols: 
 
Oxidation of the free thiol (SH) groups in cysteine residues can occur, leading to 
the formation of an inter- or intramolecular disulfide bond, or monomolecular 
products such as cysteine sulfenic acid, cysteine sulfininc acid and cysteine sulfonic 
acid [114]. In the absence of metal ions, at low HP concentration the oxidation of 
cysteine occurs as a two-step nucleophilic reaction generating cystine. 
In this reaction the rate determining step is the reaction of the thiolate anion with a 
neutral HP molecule to form sulfenic acid as an intermediate [115]. At high HP 
concentration, the percentage of disulfide formation declines as new reaction 
pathways begin to consume cysteine sulfenic acid, leading to formation of cysteine 
sulfonic acid [115]. 
4.2.3 Cystine 
Oxidation of cystine bonds also occurs during hydrogen peroxide bleaching of hair. 
The primary component of hair is the protein keratin, which is highly crosslinked 
by the amino acid cysteine (forming cystine). Under acidic conditions oxidation 
results in the formation of several intermediate products, some of which are 
unstable. Oxidation of wool with hydrogen peroxide or peracetic acid led to no 
formation of Bunte salt (cysteine-S-sulfonate , RSSO3−) [39]. 
There are two proposed mechanisms by which cystine disulfide bonds may be 
broken: S-S scission or C-S scission [116]. In both cases the main end-product is 
cysteine sulfonic acid (IX, Figure 4.11), more commonly referred to as cysteic acid. 
The oxidation of the crosslinked cystine groups in protein results in the formation 
of cystine monoxide (Cys − SO − S − Cys, II), cystine dioxide (Cys − SO2 − S −
Cys and Cys − SO − SO − Cys, III and IV) and cysteine sulfonic acid (Cys − SO3H, 
IX) as well as cysteine-S-sulfonate (Cys − SO3M). 
Photooxidation of proteins is associated with the formation of cysteine-S-sulfonate 
(RSSO3−) [117] which is also formed during alkaline oxidation using permanganate 
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or hydrogen peroxide [118], as well as hypochlorite and persulfate [39, 116]. 
Although it has not been reported to occur in wool exposed to hydrogen peroxide 
or peracetic acid [39], it has been suggested to occur in wool exposed to boiling HP 
[119] and upon bleaching hair with HP [120]. The generation of cysteine-S-sulfonic 
acid appears to be particularly pH sensitive, and its formation in acidic media may 
be quickly followed by its interaction with other products [116]. 
 
Figure 4.11: Reaction scheme for the oxidation of cysteine. Pathways A and B occur via 
S–S scission and pathway C through C–S scission. Compound I: Cystine, II: cystine 
monoxide, III, cystine dioxide, IV: cystine S, S-dioxide, V: cystine trioxide, VI: cystine 
tetraoxide, VII: cysteine sulfenic acid, VIII: cysteine sulfinic acid, IX: cysteine sulfonic 
acid (cysteic acid), X: cysteine-S-sulfonic acid. Reprinted from The Chemistry of Organic 
Sulfur Compounds, H. Tilles, Chapter 15 Oxidation of Disulfides, with Special Reference 
to Cystine, Pages No. 367-402 ref [116]. Copyright (1966), with permission from Elsevier. 
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5 Chain architecture, secondary structure and material 
properties 
Proteins behave analogously to conventional synthetic polymers, with the 
mechanical properties of protein-based materials being defined by the same 
principles of chain architecture which govern the properties of other polymers [121, 
122]. 
For a polymer to be processed into a thermoplastic, there must be sufficient chain 
mobility at the applied temperature and pressure for existing chemical interactions 
to be replaced by new stabilising interactions after processing (e.g. extrusion). 
Polymer stability is brought about by a combination of van der Waal’s, hydrophobic 
and electrostatic interactions, as well as hydrogen and covalent bonding between 
nearby chains. Some of these interactions may be reduced through the addition of 
processing aids, but for the material to be processed the interactions must be 
overcome through the application of additional thermal energy. For crystalline 
regions, the temperature must be in excess of its melting point and for amorphous 
regions, above that of its glass transition temperature (Tg) [121]. 
5.1 Factors influencing chain mobility 
The glass transition temperature is related to the co-operative movement (rotation 
and vibration) of relatively large chain segments. At temperatures below the Tg 
(glassy state), the chain segments remain fixed in position with atoms undergoing 
only low-amplitude vibratory motion about these positions. With increasing 
temperature, the amplitude of these vibrations becomes greater, overcoming some 
of the secondary intermolecular bonding forces. At the glass transition temperature, 
enough of the polymer chains have sufficient energy to undergo rotational and 
translational motion (large-scale co-operative motion); the position of the Tg being 
defined by components of chain architecture (any chemical characteristic which 
affects overall chain mobility) [123]: 
x backbone flexibility, branching and symmetry 
x inter-polymer attractive forces 
x chain regularity and crystallinity 
x molecular weight and molecular weight distribution 
x Free volume 
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Flexibility of the polymer backbone greatly influences the overall mobility of the 
polymer. Free rotation of the σ-bonds comprising the polymer backbone can occur 
easily provided there are no sterically hindering branching groups or groups within 
the backbone that impart rigidity (aromatics). However, as sterically hindering 
groups are positioned further away from the backbone, they have a lesser impact on 
the glass transition temperature. 
Bulky and high mass branching groups result in an increase in Tg as they reduce 
torsion about the σ-bonds in the polymer backbone. Similarly, the inclusion of 
aromatic groups within the repeating unit causes chain stiffening [124], typically 
resulting in brittle materials (materials with a high Tg) [125]. Asymmetric repeating 
units require a larger sweep volume for rotation about the backbone and accordingly 
more energy, consequently increasing the Tg [123]. 
The involvement of inter-chain attractive forces such as van der Waal’s, 
hydrophobic and electrostatic interactions and hydrogen bonding and covalent 
crosslinking also increase the glass transition temperature. 
For polymers with small side groups or regularly repeating units these interactions 
allow chain segments to pack into crystalline regions, which increase the glass 
transition temperature of the amorphous regions trapped between crystalline 
regions (semi-crystalline polymer). Crystalline regions act like a covalent crosslink 
within the polymer backbone, leading to chain stiffening of the amorphous regions 
in between, thereby increasing the observed Tg [123]. 
Molecular weight and molecular weight distribution greatly influence polymer 
mobility. As larger molecules require more energy to move, a polymer’s Tg 
increases with increasing average molecular weight [126]. Similarly, the 
distribution of molecular weights present in the considered polymer produces the 
range of observed glass transition temperatures. 
Another factor which influences the glass transition temperature is the polymer’s 
free volume. Polymers with large branching groups attached have variations in 
density that vary depending on the regularity of the branched group. The regularity 
of a polymer chain determines the extent to which close packing of inter-polymer 
chains can occur. Decreased chain regularity would be accompanied by an increase 
in free volume, facilitating a greater range of motion, with a corresponding lower 
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glass transition temperature [126]. Further, lower molecular weight polymers have 
an increased number of chain ends (per volume), also increasing free volume 
between adjacent chains, consequently reducing Tg. 
5.2 Proteins as a feedstock for thermoplastics 
Proteins are complex hetero-polymers, comprised of up to 20 different amino acid 
monomers. The polymer backbone is made up of a repeating unit that contains a 
nitrogen and two carbons atoms and a differing branched functional group. 
Historically, proteins have been used to produce thermosetting plastics by shaping 
the material using a combination of heat and pressure, followed by a crosslinking 
(curing) process to impart strength to the material. Proteins have many reactive 
functional groups, and crosslinking can be achieved through the reaction of the 
protein with tannic acid, chromic acid, or formaldehyde, or by through the covalent 
bonding of nearby cysteine residues to form a disulfide bridge [127-129]. However, 
for the purpose of filming or injection moulding parts, thermoplastic behaviour is 
essential [122]. 
Protein chain mobility is influenced by its molecular weight, backbone flexibility 
and secondary structure components. Variation in the branching amino acid side 
chains leads to a large array of attractive and repulsive forces which influences 
polymer stability, folding and secondary structure formation. Further, the branched 
side chains depending on their size (steric hindrance) may prevent torsional 
movement about the backbone and along with potential covalent crosslinks may 
result in chain stiffening. The presence of covalent crosslinks, molecular 
interactions, bulky branching groups and ordered secondary structures would be 
expected to increase the Tg (Figure 5.1) [130]. 
In many ways, protein-based thermoplastics are similar in chemical composition 
and physical properties (and are subject to the same challenges) to synthetic 
polyamides, particularly nylon 6,6. Due to the high degree of hydrogen bonding 
interactions between nearby amide groups, proteins exhibit regions containing 
ordered structures such as α-helices and β-sheets [132]; similarly, the regular 
spacing of the amide groups in the backbone of nylons allows for multiple hydrogen 
bonds to form between adjacent strands, observed as stacked sheets of planar 
hydrogen bonded chain segments and resulting in a high degree of order [133]. 
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Figure 5.1: Factors which influence glass transition (polymer mobility) and their 
occurrence in proteins [131]. Top: Prior to oxidation, typical inter- and intramolecular 
interactions are illustrated between Protein A and B. Only a small segment of Protein A is 
illustrated, where Rx and Ry are differing polypeptide chains. Protein B is represented by a 
short sequence of amino acids. In reality, proteins are much larger than those illustrated 
above, involved in a complex variety of a larger number of interactions. Bottom: After 
oxidation, proteins may show reduced molecular weight, an increased number of chain 
ends and a larger number of carbonyl and hydroxyl groups. 
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In nylon 6,6 the amide groups are orientated in alternating directions, leading to 
strong hydrogen bonding interactions and the formation of parallel strands, which 
can form β-pleated sheets (similar to those observed in silk fibroin and β-keratins) 
[134]. In the case of nylon 6, (resulting from the polymerisation of caprolactam), 
all of the amide groups are oriented in the same direction along the chain, leading 
to weaker hydrogen bonding interactions between sheets, and yielding mixed 
directionalities. The alternating orientation of the amide group in nylon 6,6 allows 
for better hydrogen bonding, and consequently melts at a higher temperature 
compared to nylon 6 [135]. 
Although the mobility of the protein increases with increasing temperature, their 
glass transition and melting temperatures typically exceed the temperature at which 
degradation occurs [136]. Consequently, the use of plasticisers or other processing 
aids to improve chain mobility are required to prevent protein degradation and 
increase processability [121, 137]. 
Changes in protein chain mobility would be expected to accompany any 
modification of the comprising amino acid side chains, molecular weight and 
molecular weight distribution, as well as secondary structure caused by oxidation. 
An increase in the number of functional groups which are capable of hydrogen 
bonding is expected after oxidation, to be accompanied by an increase in Tg. 
However, oxidation may also increase free volume through the cleavage of the 
protein backbone and covalent crosslinks between cysteine residues and 
additionally overcoming hydrophobic interactions, causing a reduction in Tg. 
5.3 Secondary structure 
The secondary structural components of proteins, helices, sheets, turns and coils are 
also modified by oxidation [138, 139]. Most amino acids show a propensity to form 
only one particular type of secondary structure (Table 5.1) [140], however, the 
periodicity and positioning of polar and non-polar residues in the amino acid 
sequence has a greater influence on the final secondary structure [141]. 
The sensitivity of particular amino acid residues to oxidation has been shown to 
vary between proteins and results from their position and interaction within the 
protein structure [142]. Selective oxidation of certain amino acids may then 
 41 
influence the formation of specific secondary structures by changing the ability to 
form H-bonds between C=O and NH groups. 
Table 5.1: Propensity of amino acids for secondary structure types [140, 143-145]. 
Helical Sheet Other 
Alanine Isoleucine Glycine 
Leucine Phenylalanine Proline 
Methionine Tryptophan Asparagine 
Glutamine Valine Aspartic acid 
Glutamic acid Tyrosine Serine 
Arginine Threonine Histidine 
Lysine Cysteine  
Oxidation of amino acids increases in local flexibility or rigidity in the protein chain, 
leading to an alteration in secondary structure [110, 138], directly influencing its 
physical and material properties [131, 146-151]. Consequently, protein oxidation 
may negatively impact the properties and processing characteristics of protein-
based thermoplastics. 
Modification of the amino acid residues, including complete cleavage of the amino 
acid side chain from the protein backbone, may result in less participation in 
stabilising interactions. Although this may increase polymer mobility through the 
reduction of the Tg, such changes could decrease mechanical properties such as 
strength, stiffness and elongation. Furthermore, protein hydrolysis/ fragmentation 
could result in poor consolidation due to reduced chain entanglement, and along 
with degradation of potential crosslinking sites (through the destruction of cysteine, 
tyrosine and lysine residues) could result in a material with poor mechanical 
properties [152]. 
5.4 Protein Oxidation and Material Properties 
Studies of the effects of bleaching on the physical properties of wool found a linear 
correlation between the extent of disulfide bond oxidation and reduction in work 
during load extension of fibres (work to extend 20 %) [153]. Similar results have 
been observed after bleaching of human hair [154]. 
The disulfide bonds contribute greatly to the wet strength of keratin fibres, however, 
they do not greatly affect the strength of the dry fibres which is largely dependent 
on the main chain length and intermolecular hydrogen bonding [155]. After 
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bleaching, the mechanical properties of hair were changed significantly, observed 
as a linear decrease in wet-modulus with increased exposure time and virtually no 
change in either the dry-modulus or ultimate strength of the fibres (owing to 
negligible chain scission) [155]. The dry extension at break was slightly affected 
by bleaching, although no evidence of brittleness was observed. 
A recent investigation into the oxidation of horn keratin showed that with increasing 
exposure time to hydrogen peroxide, it underwent a reduction in tensile strength 
and Young’s modulus and had an increased percentage elongation at break [156]. 
During the oxidation of horn with hydrogen peroxide, degradation of the disulfide 
bond, peptide bonds or hydrogen bonding interactions led to deterioration of useful 
mechanical properties in horn keratin [156]. The tensile strength, Young's modulus 
and elongation at break of untreated samples (9 wt% moisture) were found to be 
118 MPa, 1.5 GPa and 24.6% respectively [157]. After prolonged exposure to 
hydrogen peroxide the tensile strength and Young's modulus of the oxidised horn 
keratin were moderately reduced, and the elongation at break increased with extent 
of oxidation [156]. The strength of horn keratin is largely due to the crystalline α-
helical structures, with the amorphous regions providing the horn keratin with 
elasticity and flexibility [158]. The reduction in tensile strength and Young’s 
modulus is attributed to the decrease in α-helical content upon oxidation, while the 
increase in amorphous content is responsible for the improved elongation at break 
and increase in toughness (energy to break) [156]. 
A measure of oxidative damage in the meat industry is the Warner-Bratzler shear 
force test, used to measure the force required to shear muscle tissue. For fresh oyster 
muscle, the Warner-Bratzler value (0.43 kgf) was higher than for ozonated samples 
(0.402 kgf). This is supposedly a result of ozone modification of collagen and 
elastin, making it more susceptible to proteolysis. The intermolecular cross-links in 
collagen, which comprises the connective tissue of shellfish, is prone to degradation 
by ozone, causing undesirable textural changes in the oyster. Hence, the decreased 
shear strength may have been due to the denaturing and degradation of the protein 
by ozone [138]. 
One of the major issues with creating protein-based materials is overcoming some 
of their original physical and chemical properties in order to make them processable 
or acceptable to consumers. Skin generated as a by-product of processing squid and 
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cuttlefish has little market value, although after decolouring with hydrogen 
peroxide it can be used as raw material for gelatine production [159]. Gelatine film 
is hydrophilic, has low water vapour barrier properties and poor mechanical 
properties compared with conventional polymer films. Bleaching with HP resulted 
in several changes to the bleached gelatine films including increased thickness due 
to protein aggregation (and resulting inability to align proteins into a compact 
network), decreased tensile strength, increased elongation at break and decreased 
water vapour permeability (WVP). Formation of the hydroperoxyl anion, 
hydroperoxyl and hydroxyl radicals is thought to be responsible for observed 
changes including fragmentation to form peptides. The consequently reduced 
intermolecular interactions in the film matrix is likely to have caused the decreased 
tensile strength and simultaneously increased the elongation at break. 
The reduced WVP of the bleached gelatine films suggest that films of gelatine 
extracted from skin bleached with HP at high concentration had lower 
hydrophilicity. This is consistent with the observed decrease in free amino and 
carbonyl groups present in gelatine extracted from bleached squid skin at high HP 
concentrations. Fewer carbonyl and amino groups would then be present to form 
hydrogen bonds with water molecules and to a lesser extent, resulting in a decreased 
hydrophilicity of the resulting films. It is thought that the hydroxyl radicals 
generated during bleaching might modify amino acids in such a way that it lowers 
the number of hydrophilic domains present in the final gelatine extracts, lowering 
the ability of water to migrate through the gelatine films (decreasing WVP) [159]. 
6 Conclusion 
Protein oxidation results in many potential physical and mechanical changes as a 
result of changes to the primary and secondary structures. Most simply, at a primary 
structure level oxidation causes changes in the hydrophobic, electrostatic and 
hydrogen bonding interactions, along with more detrimental changes including 
carbonylation, hydroxylation, aggregation through the formation of new covalent 
bonds, crosslink cleavage, hydrolysis and chain scission. Such changes cause loss 
of functionality in native proteins, but also may lead to changes in solubility, 
hydrophilicity and susceptibility to proteolysis. Changes to molecular weight and 
secondary structure characteristics directly influences glass transition temperature 
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and thermal processing of materials. Moreover, degradation of the protein through 
crosslink cleavage, chain scission and hydrolysis cause reductions in mechanical 
properties of protein based materials such as tensile strength, Young’s modulus and 
work during load extension. 
These physical parameters often define the usefulness of a material. While efforts 
can be made to reintroduce structural integrity through the introduction of 
crosslinking agents or reinforcing fibre composites, understanding the 
underpinning chemistry and resulting changes to protein primary and secondary 
structure is the most sensible way to approach future material design for oxidised 
proteins. 
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Table 2:  Summary of basic statistics for bloodmeal (BM) before and after decolouring 
(DBM) with peracetic acid (PAA), hydrogen peroxide (HP) or HP with acetic acid (HP/AA).  
Student T-tests were performed comparing the perimeter and core to the total average and the 
perimeter and the core to each other.  Statistically significant (p < 0.05) results are 
highlighted.
α-helices β-turns random coils β-sheets disordered structures
Sample Av. Std. 
dev.
t-test Av. Std. 
dev.
t-test Av. Std. 
dev.
t-test Av. Std. 
dev.
t-test Av. Std. 
dev.
t-test
Bloodmeal
Total 0.19 0.04 0.15 0.04 0.20 0.06 0.46 0.06 0.34 0.07
Perimeter average 0.19 0.05 0.27 0.15 0.05 0.31 0.19 0.08 0.57 0.47 0.07 0.51 0.34 0.09 0.96
Core average 0.20 0.03 0.20 0.15 0.04 0.28 0.19 0.04 0.46 0.47 0.05 0.44 0.34 0.05 0.95
Perimeter vs Core 0.04 0.07 0.29 0.23 0.93
1% PAA
Total 0.16 0.05 0.15 0.06 0.20 0.07 0.49 0.09 0.35 0.08
Perimeter average 0.16 0.05 0.26 0.16 0.06 0.08 0.21 0.08 0.00 0.47 0.09 0.00 0.37 0.09 0.00
Core average 0.17 0.05 0.25 0.14 0.05 0.03 0.18 0.06 0.00 0.51 0.07 0.00 0.32 0.07 0.00
Perimeter vs Core 0.00 0.00 0.00 0.00 0.00
2% PAA
Total 0.15 0.04 0.15 0.05 0.20 0.07 0.49 0.08 0.36 0.08
Perimeter average 0.15 0.04 0.90 0.15 0.05 0.68 0.24 0.08 0.00 0.47 0.08 0.01 0.38 0.08 0.01
Core average 0.15 0.04 0.73 0.15 0.05 0.92 0.18 0.06 0.00 0.52 0.07 0.00 0.33 0.07 0.00
Perimeter vs Core 0.69 0.75 0.00 0.00 0.00
3% PAA
Total 0.17 0.03 0.15 0.04 0.19 0.07 0.49 0.06 0.34 0.06
Perimeter average 0.17 0.04 0.43 0.15 0.04 0.81 0.21 0.08 0.00 0.47 0.06 0.00 0.36 0.07 0.00
Core average 0.17 0.03 0.41 0.15 0.04 0.81 0.17 0.05 0.00 0.51 0.04 0.00 0.32 0.05 0.00
Perimeter vs Core 0.17 0.68 0.00 0.00 0.00
4% PAA
Total 0.16 0.04 0.18 0.05 0.20 0.07 0.46 0.08 0.38 0.07
Perimeter average 0.17 0.05 0.04 0.18 0.05 0.76 0.21 0.08 0.18 0.44 0.08 0.02 0.39 0.09 0.33
Core average 0.15 0.03 0.00 0.18 0.05 0.70 0.19 0.06 0.07 0.48 0.06 0.00 0.37 0.07 0.15
Perimeter vs Core 0.00 0.55 0.01 0.00 0.04
5% PAA
Total 0.17 0.04 0.18 0.05 0.22 0.07 0.43 0.06 0.39 0.07
Perimeter average 0.18 0.04 0.00 0.17 0.05 0.01 0.23 0.07 0.00 0.42 0.07 0.00 0.40 0.08 0.01
Core average 0.16 0.03 0.00 0.18 0.04 0.01 0.20 0.06 0.09 0.45 0.05 0.13 0.39 0.06 0.83
Perimeter vs Core 0.00 0.00 0.00 0.00 0.01
HP
Total 0.14 0.06 0.17 0.06 0.17 0.09 0.52 0.11 0.34 0.10
Perimeter average 0.15 0.06 0.06 0.17 0.06 0.19 0.17 0.09 0.44 0.51 0.12 0.29 0.34 0.11 0.94
Core average 0.14 0.06 0.10 0.16 0.06 0.23 0.18 0.08 0.42 0.52 0.10 0.34 0.34 0.09 1.00
Perimeter vs Core 0.00 0.02 0.17 0.06 0.89
HP /AA
Total 0.17 0.04 0.13 0.05 0.23 0.09 0.43 0.07 0.39 0.08
Perimeter average 0.17 0.05 0.94 0.15 0.06 0.60 0.24 0.11 0.02 0.44 0.08 0.02 0.40 0.10 0.00
Core average 0.18 0.03 0.32 0.13 0.04 0.11 0.25 0.07 0.00 0.44 0.05 0.00 0.38 0.06 0.24
Perimeter vs Core 0.15 0.03 0.75 0.48 0.08
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Molecular weight analysis
Table 1. Molecular weight markers used for calibration of the Superdex 200 gel 
filtration column (void volume, Vo = 8.0 mL). The natural log of the molecular 
weight was plotted against the elution volume (Vr) divided by the column void 
volume (Vo) for each marker, generating the graph and equation shown (right).
Amino acid analysis
The amino acid composition of each sample as received is shown below (Table 2), along with the percentage relative standard 
deviation (%RSD) as calculated for standard solutions, over 500 observations. Moisture content of the freeze dried samples 
was determined via thermogravemetric analysis. From the composition below and the protein content (on a dry basis) as 
determined by total nitrogen assay, the amino acid composition of the dry protein was determined (Table 3).
Table 2. Absolute amino acid composition of bloodmeal (BM) and decoloured bloodmeal after treating with 2 wt% PAA 
(2PAA), 3 wt% PAA (3PAA), 4 wt% PAA (4PAA), 5 wt% PAA (5PAA) and 26 wt% HP (HP) solutions. Results expressed in mg/g 
of sample on an as received basis. NB: Moisture content of the freeze dried powders determined via thermogravemetric 
analysis and crude protein determined by total nitrogen assay.
Amino acid (mg/g) BM 2PAA 3PAA 4PAA 5PAA HP %RSD
Aspartic Acid 95.93 107.11 110.75 113.5 113.13 123.79 3.06
Threonine 52.00 51.80 50.51 48.32 46.80 46.49 3.83
Serine 45.88 48.07 46.02 44.72 42.61 42.87 4.30
Glutamic acid 94.69 98.79 96.21 94.81 92.16 94.79 3.22
Proline 36.90 36.93 35.84 35.12 33.05 28.28 3.46
Glycine 37.39 39.00 39.38 44.84 51.98 40.56 3.19
Alanine 76.30 79.51 74.95 73.24 70.61 71.16 4.19
Valine 65.73 64.56 64.72 63.48 58.66 57.72 4.91
Isoleucine 18.10 18.01 18.98 19.77 18.79 16.08 4.37
Leucine 111.91 114.01 112.01 109.46 103.6 96.58 3.04
Tyrosine 29.80 24.17 23.20 21.57 20.20 15.03 4.29
Phenylalanine 64.28 66.13 64.34 63.22 61.09 49.39 3.11
Lysine 85.78 78.34 68.14 41.84 17.47 50.00 3.05
Histidine 53.94 51.11 49.07 44.08 33.96 27.64 3.22
Arginine 44.09 43.97 43.20 41.87 39.66 36.24 2.96
Cystine 11.80 12.83 12.73 11.69 10.62 12.61 3.65
Methionine 12.88 13.51 13.22 12.01 10.53 9.62 3.65
Tryptophan 20.01 8.54 2.15 0.00 0.00 0.37 3.65
Moisture content* 19.00 15.00 26.00 28.00 25.00 24.00
Undetected 23.59 28.61 48.58 88.46 150.08 156.78
Sum of Amino Acids 957.41 956.39 925.42 883.54 824.92 819.22
Total sum 1000 1000 1000 1000 1000 1000
0.00 2.00 4.00
0.0
5.0
10.0
15.0
20.0
Vr/Vo
ln
(M
w
)
Molecular Weight 
Marker
Molecular 
Weight (Da)
Elution 
Volume (Vr)
Vr/Vo ln(Mw)
Thyroglobulin 669000 9.32 1.16 13.41
Ferritin 440000 10.83 1.35 12.99
Bovine serum albumin 67000 13.89 1.74 11.11
β-Lactoglobulin (dimer) 35000 15.29 1.91 10.46
Ribonuclease A 13700 17.13 2.14 9.53
Cytochrome C 13600 18.34 2.29 9.52
Aprotinin 6512 19.87 2.48 8.78
Vitamin B12 1355 21.72 2.72 7.21
Electronic Supplementary Material (ESI) for RSC Advances.
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Thesis Summary 
and Recommendations 
 
 
 
Thesis Summary and Recommendations 
Decoloured bloodmeal can be converted into a thermoplastic material using water, 
SDS and TEG. Although the chemical process is well established, until recently the 
mechanism of decolouring was not well understood. Furthermore, the decoloured 
product is expensive and understanding the mechanism may shed light on 
alternative strategies to reduce cost. A combination of chemical, spectroscopic, 
material and thermal analysis techniques were used to gain insight into the new 
physico-chemical properties of bloodmeal after oxidative decolouring and upon 
introduction of processing aids to improve polymer mobility. Using these 
techniques, a mechanism of decolouring was presented, the resulting modifications 
to protein structure and interactions and how these changes in the presence of 
processing aids affects final polymer mobility. 
A mechanism for decolouring was proposed after measuring the consumption of 
peroxides during decolouring and establishing the role of each component present 
in peracetic acid solutions. Hydrogen peroxide, at any concentration, is incapable 
of fully decolouring BM due to its inability to oxidise haem present as 
methaemoglobin. Decolouring with PAA was facile, albeit at significant excess 
PAA (>3 wt% PAA). Excess PAA provides an adequate diffusion gradient and 
supplies enough reagent to overcome competing reactions. Based on literature, the 
efficacy of PAA has been attributed to its higher reduction potential (1.81 V) and 
the longevity of its radicals compared with those generated from hydrogen peroxide 
[1], allowing it to fully oxidise ferric haem in methaemoglobin. Comparison of 
PAA to similar aliphatic peroxycarboxylic acids indicated that although they are 
reactive, they do not result in adequate decolouring. Performic acid was thought to 
cause hydrolysis and encourage browning reactions whereas perpropionic acid may 
simply be too large to access the haem iron to form the necessary complex to initiate 
haem degradation. 
Both water and acetic acid present were found to cause significant swelling of the 
proteins, but neither facilitated access of hydrogen peroxide to haem sites. In fact, 
pre-swelling with water had no more effect on decolouring efficacy than dilution of 
the hydrogen peroxide (HP) solution alone, and in the case of short chain aliphatic 
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carboxylic acids, pre-swelling the protein was found to inhibit both decolouring and 
the consumption of hydrogen peroxide. 
Acetic acid in PAA solutions has a protective effect on the protein, presumably by 
inhibition of hydroxyl radical production through Fenton chemistry by the chelation 
of free iron. For this reason the presence of acetic acid results in lower decolouring 
efficacy of HP, but also results in higher protein recovery, an unchanged average 
molecular mass and a lesser degree of β-sheet aggregation. 
Protein recovery during decolouring diminished with increasing concentration of 
oxidants. The presence of acetic acid was found to improve protein recovery, and 
result in a high solids yield, although co-precipitation of sodium acetate (formed 
during neutralisation) resulted in lower protein content by weight for PAA and 
HP/AA treated bloodmeal. 
Oxidation at every concentration of PAA improved protein solubility, particularly 
bloodmeal decoloured with hydrogen peroxide (including HP with acetic acid). 
This change is primarily attributed to the increased hydrophilicity of the amino 
acids after oxidation, including the changes to aromatic side chains and degradation 
of cystine crosslinks. Overall, oxidation was found to result in a reduction to most 
aromatic amino acids, a significant reduction in lysine and cleavage of some of the 
cystine disulfide bonds. 
Concepts from classical polymer physics explain why proteins have a particularly 
high glass transition temperature. This results predominantly from the large number 
and variety of chain interactions, along with bulky aromatic substituents and the 
occasional rigid structure such as proline or cystine, which all act to limit mobility. 
Thus it could be expected that protein oxidation would result in improved mobility; 
largely via the cleavage of the protein backbone and covalent crosslinks between 
adjacent protein chains, resulting in a larger number of chain ends and consequently 
increased free volume. Oxidation was also expected to reduce hydrophobic 
interactions and increase hydrophilicity, as well as result in cleavage of aliphatic 
amino acid side chains from the protein backbone (improving regularity), which 
would also influence the glass transition temperature to a certain degree. 
The resulting changes in primary structure resulted in a lower glass transition 
temperature and an increased enthalpy of relaxation of the aging peak; this 
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improved mobility results from cystine oxidation, reduced hydrophobic interactions 
and improved chain regularity (a result of removing sterically hindering side chains). 
Despite changes to the amino acids, minor changes to the overall molecular mass 
distribution of BM was observed after decolouring with 1 – 4 wt% PAA. This is a 
result of the many potential addition reactions which can take place, often in 
preference to hydrogen abstraction and protein fragmentation, for thermodynamic 
and steric reasons. However, treatment with 5 wt% PAA or HP led to significant 
fragmentation of the protein chains (inhibited to some extent by the presence of 
acetic acid) resulting in the formation of a peptide fragment of ~8.8 kDa mass. 
Perhaps the most significant finding is the discovery of an obvious difference in the 
location of secondary structures throughout DBM particles. The distribution of 
disordered structures is consistent with a diffusion front which would be created by 
the two-phase reaction. The changes in secondary structure which occurred also 
confirmed that hydrogen peroxide (or a resultant hydroxyl radical) is easily able to 
diffuse through bloodmeal. Overall, after oxidation the protein contained a greater 
number of β-sheets concentrated at the core of the particle while α-helices and 
random coils were found in highest concentration at the periphery. The material 
behaviour of DBM would be defined by the chemical properties of the proteins 
located throughout the particles. Thus, at low PAA concentration (limited diffusion), 
the properties of DBM are more likely to be representative of the structures found 
at the core of the particle (representing the greater mass), whereas at higher PAA 
concentration the material is more likely to resemble the proteins located at the 
perimeter (beyond the diffusion front). Ideally, the material not only needs to be 
adequately decoloured and have a useful molecular mass, but also needs to be 
reasonably homogenous in order to easily process it. 
The addition of SDS induced the formation of α-helices, reducing β-sheets and β-
turns. However, simultaneous addition of TEG reduced α-helices and β-sheets, 
increasing random coils. Upon heating there was little change in the average 
structural composition of decoloured bloodmeal containing SDS, indicating that it 
was insufficient to promote mobility during heating, whereas heating DBM 
containing SDS and TEG combined resulted in the recovery of some ordered 
structures. The addition of sodium dodecyl sulfate and triethylene glycol to 
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decoloured bloodmeal as processing aids led to a more homogeneous distribution 
of secondary structures (becoming even more so after heating). This has important 
implications for extrusion, which requires quick homogenisation of crystalline and 
amorphous structures in the melt, to promote new interactions and prevent 
thermally induced protein degradation. 
Despite TEG surpassing the compatibility limit of the DBM protein leading to 
phase separation (and the presence of two glass transition temperatures), heating 
was found to induce further diffusion of TEG throughout the particle, occurring as 
low as 55 – 75 oC. During heating, the migrating TEG began to form new hydrogen 
bonds with the protein. The overall strength of the hydrogen bonds in which both 
the protein and TEG participate, weaken during heating but strengthen again upon 
cooling, with TEG participating in a greater variety of hydrogen bonds after heating 
and cooling. It is then clear that to process proteins in general, these hydrogen bonds 
should be weakened for improved processing, but strengthened for optimal material 
properties. 
Plasticisation with TEG allowed for sufficient chain mobility leading to random 
coils to be transformed into α-helices after a heat/cool cycle (simulating extrusion). 
Extended heating led to a gradual increase in β-sheets for all samples, however α-
helices showed a dramatic increase around 55-75 oC for samples containing TEG 
as well as SDS (compared to 100 oC in the presence of SDS alone) suggesting that 
with sufficient chain mobility, α-helices will readily form from random coils, 
however β-sheet formation is a slower process. 
Current literature suggests that while disordered regions provide elastomeric 
properties, ordered secondary structures impart resilience to proteinous materials. 
For example, β-sheets increase toughness and tensile strength, but depending on the 
extent of crystal structure, can also make the plastic brittle. Additionally, helical 
structures may be more beneficial in the preparation of protein films. Given that the 
formation of helices commences at lower temperature and prolonged time is 
required for sheet formation; film preparations from decoloured bloodmeal may 
require rapid low temperature processing with additional TEG (increased mobility, 
allowing quick processing at lower temperature) whereas to impart increased 
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toughness, longer residence times or multiple heating/cooling cycles may be 
required. 
Prolonged heating caused structural changes that are largely irreversible for DBM 
and DBM treated with SDS, also reflected in an increase in crystallinity during 
heating (which did not change upon cooling). Such changes could have adverse 
effects on thermoplastic processing, as the material would become more difficult to 
extrude and injection mould if heated repetitively or for protracted periods. 
However, SDS and TEG treated DBM showed little or no change in total 
crystallinity upon heating, suggesting TEG provided sufficient chain mobility to 
prevent the onset of irreversible change, important for maintaining processability 
of the material during multiple heating and cooling cycles. 
This shows that formulating a thermoplastic material from decoloured bloodmeal 
requires the same considerations, well known for other thermoplastic proteins. 
These are the requirements to overcome stabilising interactions to promote 
processing, typically via extrusion; allowing melt formation followed by allowing 
the formation of new interactions upon cooling to impart mechanical strength. For 
decoloured bloodmeal, many of the interactions present in bloodmeal have been 
overcome by oxidation and chains are therefore inherently more mobile (lower Tg). 
The success of using PAA as oxidant is that, contrary to HP, it fulfils these 
requirements, by leading to an acceptable level of crosslink reduction without 
severe chain scission. Most importantly, chain architecture (including secondary 
structure) still allows for sufficient interactions to form a thermoplastic material, as 
shown by studies preceding this [2]. 
1 Recommendations for Future Work 
Further work is being done to produce decoloured bloodmeal using a continuous-
reactor (as opposed to batch reactions). Additionally, a substantial amount of 
peroxide remains once decolouring is complete. Optimisation of the decolouring 
process is currently underway at the University of Waikato, aimed at reducing the 
quantity of PAA solution used to contact the bloodmeal. Regardless of the 
decolouring method used, recovery of the wastewater for use elsewhere or as a 
return feed is sensible. 
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Future work regarding bleached bloodmeal should consider the generation of 
peroxyacids in situ or the application of peracetic acid containing lower levels of 
hydrogen peroxide in an effort to limit HP induced protein degradation. This could 
occur in conjunction with the use of a suitable chelating agent 
(ethylenediaminetetraacetic acid) or a hydroxyl radical scavenger (mannitol or 
isopropyl alcohol) further minimising damage to proteins due to the presence of HP. 
This might result in a decoloured bloodmeal which retains hydrophilicity, which 
may improve yield and result in a protein material with lower water permeability. 
The extent of cystine oxidation and its effect on the preparation of extruded and 
injection moulded material should be investigated. This could be done by gaining 
access to a Raman spectrophotometer with a 1064 nm laser to characterise S-O 
bonds without the fluorescence experienced at 785 nm. Although oxidation of the 
disulfide linkage is useful, introduction of new sites for crosslinking to occur could 
be beneficial given the large decrease in lysine content. One example to consider is 
the addition of 2-iminothiolane hydrochloride to phenylalanine groups; this is a 
cross-linking agent used in wool and hair treatment to improve structural integrity. 
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1 Introduction 
The majority of the world’s food is derived from agricultural, horticultural and 
fishery processes. With a growing population, urbanization and increased income, 
the food industry has become increasingly market driven. As a result of 
globalization and reduced trade barriers, it has grown to account for approximately 
ten percent of the world’s gross domestic product [1]. Fortunately, environmental 
protection and sustainability is currently better aligned with the worlds’ 
consumption of natural resources. Over the past few decades, it has tried to adopted 
technologies to improve waste minimization and environmental performance. 
Although the most valuable elements are extracted from foods during harvest and 
processing, what remains in the product specific and non-specific wastes may also 
contain other potentially valuable components.  
Predicting future food production and associated by-products is complicated and 
has to take into account not only changes in population size, dietary composition, 
land requirements and primary resources, but also climate and environmental 
aspects [2]. Overall, increased global demand for animal based products requires a 
substantially greater increase in plant and other feed resources, which will 
subsequently generate a much larger volume of protein-rich materials than currently 
produced. 
The quantity of food materials wasted each year is exorbitant and urbanization and 
the increasing per capita income will see this quantity rise further, through increased 
consumption of staple foods as well as diversification into animal products such as 
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 meat, fish and dairy. This will be most challenging for transitional countries, which 
are expected to undergo a much more rapid increase in per capita meat consumption 
compared to high-income countries (i.e. China will increase by ~50 %, from 49 kg 
in 2000 to 74 kg per capita per year in 2030 compared to an increase of ~ 9 %, from 
86 kg to 95 kg per capita per year, in higher income countries) [3]. Such nutritional 
transitions result in a rapid increase in animal products, putting a significant amount 
more pressure on food supply chains within transitional countries than those in the 
developed world. 
A major facet of the problem we face, is being able to source adequate quantities of 
high quality protein from which to feed both humans and animals, without 
intensifying the overall environmental impact [4]. Obviously, increasing production 
of animal based products will result in a much higher consumption of grain and 
protein feeds to feed livestock, which are estimated to require ~6 kg of plant protein 
for every kilogram of protein they produce [5]. However, this could be better 
perceived by the ~ 30 kg of grain required to produce 1 kg of edible boneless meat 
from grain-fed cattle [6]. On the other hand, while chicken and pork are more 
efficient converters of plant proteins, pasture fed cattle are able to convert nonfood 
material into usable protein. 
The technology for recovering nutrients and usable materials from industry is often 
feasible but the regulations regarding what can be done with by-products of industry 
may not always allow for the technology to be adopted. Despite a concerted effort 
to better utilize by-products of the agricultural and food industry to improve the 
management of resources, sensible legislative incentives also need to be 
implemented. 
This chapter identifies areas of food production and related industries generating 
waste and by-products with high levels of recoverable protein, in particular, those 
derived from agricultural production itself. Current and future management options 
for the transformation and/or disposal of these wastes and by-products are then 
considered in light of current legislation and technological restrictions. 
2 Food production cycle and by-products 
The modern food cycle is comprised of several stages, including agricultural 
production, post-harvest handling and storage, food processing and packaging, 
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 distribution and retail, and finally consumption/end-of-life (Figure 1) [7]. 
Agricultural production, post-harvest handling and storage of food gives rise to 
unintended food losses and ancillary by-products, while processing and packaging, 
distribution and retail result in “food waste”. Food loss, by-products and food waste 
are formed at every stage of the food production process.  While the generation of 
by-products such as crop residues and animal by-products during agricultural 
production is considered unavoidable, food losses owing to a lack of market or 
degradation during handling or transportation could be avoided with care, but when 
considering statistics, it is often difficult to distinguish between the two.  
 
Figure 1: General food production stages starting from agricultural production and post-harvest 
handling and storage to processing and packaging, distribution, retail and consumption. 
For various reasons, approximately one third of the food produced worldwide is 
wasted [2, 8]. These wastes (and possible by-products) are created during the 
manufacturing processes, and are often removed in order to give the product the 
desired sensory and nutritional qualities. Although, the magnitude of food losses, 
by-products and food waste varies depending on the product type (Table 1), the 
stage of production considered (Table 2), it is strongly influenced by the technology 
and infrastructure available to the region. 
It has been estimated that around 60 million tonnes of animal by-products are 
produced worldwide every year [9], along with significantly higher quantities of 
crop residues [10]. Obviously, industrial processing of any food, whether it is 
intended for human or animal consumption (or other industrial processes such as 
biofuels) leads to a vast quantity of waste and by-products, typically ranging 
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 between 30 – 60 % by weight (Table 1). In the case of crops only 60 % of global 
production is used for human consumption, mostly in the form of grains, pulses, oil 
plants, fruits and vegetables, leaving 35 % as by-products (used for animal fodder) 
and the remaining 5 % for conversion to biofuel and other industrial products [6]. 
Table 1: Percentage of by-products and waste generated during different production processes. 
Adapted from [11]. 
Production process % converted to waste and by-products 
Plant products  
Corn starch production 41-43 
Fruit and vegetable processing 5-30 
Potato starch production 80 
Red wine production 20-30 
Sugar production from sugar beet 86 
Vegetable oil production 40-70 
Wheat starch production 50 
Animal products  
Beef slaughter 40-52 
Crustacean processing 50-60 
Fish canning 30-65 
Fish filleting, curing, salting and smoking 50-75 
Cheese production 85-90 
Mollusk processing 20-50 
Pig slaughter 35 
Poultry slaughter 31-38 
Yogurt production 2-6 
In high income regions, most food waste occurs during distribution and 
consumption, with high losses also occurring during agricultural production of plant 
products and fish (Table 2). Harvesting of crops also results in an inedible portion 
of the biomass (including edible product lost during harvest) contributing to what 
is known as crop residues.  For most common edible crops, the residue to crop 
production ratio is between 0.9 and 3 to 1 [12]. This mass is not accounted for in 
Table 2, however, typical quantities of some common food crops are given in Table 
3. In lower income regions, losses occur at every stage, particularly post-harvest, to 
a much higher degree, but occur significantly less at the consumption stage. Higher 
losses throughout production in low income regions are an artefact of inadequate 
knowledge, skills, technologies and infrastructure to support the food supply chain 
compared to the industrialised world [13]. 
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 Table 2: Combined food losses and food waste for each stage of the food production chain, 
expressed as a weight percentage of the (edible only) incoming resource. Regions were grouped [14] 
into medium to high income regions (Europe, USA, Canada, Oceania and industrialised Asia) and 
low income regions (sub-Saharan Africa, North Africa, West and Central Asia, South and Southeast 
Asia and Latin America).  
 Agricultural production 
Post-harvest 
handling and 
storage 
Processing 
and 
packaging 
Distribution Consumption 
High income      
Cereals 2 2 – 10 0.5 – 10 2 20 – 27 
Roots and Tubers 20 7 – 10 15 7 – 9 10 – 30 
Oilseeds and Pulses 6 – 12 0 – 3 5 5 4 
Fruits and 
Vegetables 10 – 20 4 – 8 2 8 – 12 15 – 28 
Meat 2.9 – 3.5 0.6 – 1 5 4 – 6 8 – 11 
Fish and Seafood 9.4 – 15 0.5 – 2 6 9 – 11 8 – 33 
Milk and Dairy 3.5 0.5 – 1 1.2 0.5 5 – 15 
Low income      
Cereals 6 4 – 8 2 – 7 2 – 4 1 – 12 
Roots and Tubers 6 – 14 10 – 19 10 – 15 3 – 11 2 – 6 
Oilseeds and Pulses 6 – 15 3 – 12 8 2 1 – 2 
Fruits and 
Vegetables 10 – 20 9 – 10 20 – 25 10 – 17 5 – 12 
Meat 5.1 – 15 0.2 - 1.1 5 5 – 7 2 – 8 
Fish and Seafood 5.1 - 8.2 5 – 6 9 10 – 15 2 – 4 
Milk and Dairy 3.5 – 6 6 – 11 0.1 – 2 8 – 10 0.1 – 4 
Globally, billions of tonnes of agro-industrial residues and by-products are 
generated annually (Table 3). These include solid, liquid and gaseous residues and 
can be seen as one of the most abundant, cheap and renewable resources available 
[10]. Given that food waste has a typical composition of ~30 – 60 wt% starch, 10 – 
40 wt% lipids and 5 – 10 wt% protein [15], millions of tonnes of protein, from plant 
and animal sources, could be better utilized. Further to this, agricultural production 
also has other unavoidable wastes associated with it, including manure and effluent, 
which also contain high levels of recoverable protein. These by-products and wastes 
find new life, often as animal feed ingredients. 
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 Table 3: Estimates of production by-products and crop residues from commodity crops in million 
metric tonne (MMT) per annum [10]. Slaughterhouse by-products calculated from the proportion of 
liveweight in each rendering product for each species considered [16], using the 2013 estimate of 
livestock slaughtered globally [17]. Fishmeal estimate from 2002 [18]. 
Production process Residue 
production 
(MMT/year) 
Production process Residue 
production 
(MMT/year) 
Roots and tubers  Cereals  
Potato foliage, tops peels and 
pulps 
116.7 Rice straw 457.0 
Cassava peels, stalks, bagasse 82.6 Wheat straw 475.1 
Fruits  Barley straw 105.0 
Apple pomace 20.9 Maize straw and stalks 1266.6 
Orange peels, pulps and 
membranes 
34.7 Maize cobs 
Millet 
337.8 
88.9 
Legumes  Banana leaves, stems/peels 183.8 
Beans straw and pods 57.2 Grape pomace 20.5 
Soybeans straw and pods 392.7 Slaughterhouse By-products 
Oil crops  Cattle  
Sunflower foliage/stems 15.3     Protein meal 6.9 
Olive leaves and stems 10.3     Tallow 4.2 
Coconut shells, husks/fronts 18.7     Bloodmeal 0.38 
Palm oil shells, husks/fronts 13.5 Sheep  
Groundnuts stalks/shells 71.1     Protein meal 0.58 
Rapeseed straw 73.8     Tallow 0.59 
Cottonseed stalks 80.1     Bloodmeal 0.05 
Treenuts  Pigs 
    Protein meal 
    Tallow 
    Bloodmeal 
 
3.7 
7.6 
0.34 
Almond hulls and shells 0.9 
Walnut shells 1.70 
Industrial crops  
Sugarcane leaves and tops 168.5 Chicken 
    Protein meal 
    Tallow 
    Bloodmeal 
 
5.5 
2.6 
0.18 
Cotton stalks 197.6 
Fiber crops leaves/stalks 56.9 
Vegetables  
Onion leaves and stems 35.0 Fish 
    Protein meal 
 
 
6.2 Tomatoes leaves and stems 72.9 
Cucumber leaves and stems 25.9 
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 3 Protein-rich by-products  
Waste materials generated during agricultural production, including inedible plant 
and animal parts, are removed during harvesting and post-harvest processing. Other 
unavoidable nutrient-rich wastes, such as manure and dead-stock, are also 
produced. Due to their high levels of recoverable protein, carbohydrate and fiber, 
many of the by-products and wastes of the agricultural industry currently find re-
use as animal feeds, or animal feed ingredients. 
Animal feed ingredients are blended in such a way as to create a more nutritious 
food for livestock. Plant derived ingredients include grains, such as maize, barley, 
sorghum, oats, and wheat (which can also be used for bioethanol production), from 
which the by-products are often diverted back to feed. These grain by-products 
include corn gluten meal, brewers and distiller’s grains, malt sprouts, brewer’s yeast 
and wheat mill feed [19, 20]. More importantly, it has been assumed that by 2020, 
up to 10% of transportation fuels will be derived from biofuels, generating up to 
100 million tonnes of additional protein [21]. Higher value applications for inedible 
and non-essential amino acids derived from these by-products may eventually be 
commercialised, providing a feedstock for protein-based plastics, bio-pesticides or 
commodity organic compounds [20, 21]. 
Oil production by-products (oil meals and press-cakes) from processing oilseeds 
such as soybean, canola, sunflower seed, linseed, palm kernel and others are also 
important feed ingredients. Oil meals are obtained by solvent extraction of the oil 
cakes, which are obtained by pressing the seed. In 2013, 269 million metric tonnes 
of various oil meals were produced globally, of which 181 million tonnes was 
soymeal [22]. In the U.S. alone, 36 million metric tonnes of soymeal is produced 
annually [22], representing more than two-thirds of the proteinous animal feed in 
the U.S. [19]. Other oilseed meals are lower in protein and higher in fiber, and are 
often used for feeding ruminants. Cottonseed meal is also a high in protein, and is 
used mainly as cattle feed in the U.S.A, or as aquaculture feed.  Unlike other seeds, 
the press cake obtained from castor seeds during castor oil production is inedible 
due to its high level of phytotoxins (ricin, a toxic protein), hydrocyanides and other 
allergens, however, this too has a high level of protein, ~20 -30 % (Table 4).  
 136 
 Other plant ingredients may include alfalfa by-products such as alfalfa meal, pellets 
and concentrated alfalfa solubles, which are typically fed to ruminants. Further, 
various nuts, seeds, and their by-products; hulls, seed screenings; legumes by-
products such as bean straw meal and hulls and even dried roots and tubers such as 
sweet potatoes and chipped or pelletized cassava find use in animal feed. 
Table 4:  Typical protein content and U.S. and global production quantities of some protein meals 
produced from the agricultural industry. 
Protein meal Crude 
Protein 
(%) 
Reference US Production 
Million metric 
tonne 
Global Production 
Million metric 
tonne 
Plant products     
Alfalfa meal 19.2 [23] 0.513 – 1.91a  
Canola seed meal 37.8 [23] 1.07 c  
Castor seed cake 31 – 36 [24, 25]   
Castor seed meal 20.8 [24]   
Corn gluten meal 53.9 – 65.0 [23, 26, 27] 5.9 a  
Cottonseed cake 21.1 – 57.3 [28-30]   
Cottonseed meal 34.3 – 44.9 [23, 30, 31] 0.82 - 1.09 a,c 10.3 – 15.5 a,b 
Cow pea seed meal 32.7 [32]   
Linseed cake 34.7 [28]   
Linseed meal 32.6 – 35.4 [23, 31] 0.142 – 0.147 
a,c 1.02
 a 
Peanut meal 51.8 [23] 0.12 – 0.159a,b 4.32 – 6.83 a,b,c 
Rapeseed cake 35.6 [28]   
Rapeseed meal 34.1 – 37.9 [30, 33]  39.2c 
Sesame seed cake 32.8 [28]   
Soybean cake 40.1 – 49.1 [27, 28]   
Soybean meal 44.4 – 53.8 [23, 31, 33] 39.1 c 200.8 c 
Sunflower meal 28.4 – 42.0 [23, 31] 0.23 – 0.29 a, c 16.0 c 
Animal products     
Bloodmeal 80.2 - 
100.5 
[34-37]   
Feather meal   0.63 f  
Hydrolyzed feather meal 81.2 – 92 [23, 37, 38]   
Meat and bone meal 49.5 – 59.4 [23, 36-41] 1.8 – 2.1 d,f  
Meat meal 51.7 – 58.4 [23, 41, 42] 2.4 a  
Fish meal  59.0 – 68.5 [23, 42-44] 0.33 a 4.1 – 6.2 a,c,e 
Poultry by-product meal  51.7 – 63 [37, 38, 41, 44] 1.2 f  
Shrimp meal  22.8 – 50 [37, 45-48]   
A: Based on production statistics for 1989 – 1990 in Animal Feeds Compendium (1992) [49]. B: 
Based on production statistics for 2003 – 2012 in U.S.D.A Agricultural Statistics (2013) [50]. C: 
Based on a forecast for production quantities for 2014 in U.S.D.A Agricultural Statistics (2015) [51]. 
D: Based on U.S. manufacturing statistics from 1992 [52]. E: Fishmeal production statistics 2002 
[18] F: Based on 2012 U.S. Rendering Market Report (2013) [53]. 
Agricultural production, specifically the production of animal-derived goods, also 
results in by-products.  In fact, around 30 wt% of an animal produced for food is 
not used directly for human consumption, and further to this, downed or dead 
animals are another waste artefact of production. These waste materials are 
processed by the rendering industry, producing protein-rich products (Table 4). 
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 Global production of animal by-product meals from rendering is in excess of 13 
million metric tonnes per year (Figure 2).  These products include meat meal, meat 
and bone meal, poultry by-product meal, poultry meal, blood meal, feather meal, 
hydrolyzed leather and leather meal, egg shell meal, hydrolyzed hair, unborn calf 
carcasses, ensiled paunch, bone marrow and dried plasma [19]. 
 
Figure 2: Global production estimate for animal by-product protein meals expressed in metric 
tonnes [54].  Total global production ~13 million metric tonne. 
Other than the above, about 30 wt% of the fish caught globally each year is not used 
directly for human consumption; instead it is used to produce protein-rich marine 
by-products, in excess of 6 million metric tonnes per annum (Table 4). Typical 
animal feed ingredients derived from marine origin include fishmeal, dried fish 
solubles, crab meal, shrimp meal, fish protein concentrate, and other fish by-
products [19]. 
Finally, animal waste has also been used as a feed ingredient, including dried 
ruminant waste (manure), dried poultry waste, dried poultry litter, dried swine 
waste, undried processed animal waste products, and processed animal waste 
derivatives [19]. According to the Association of American Feed Control Officials, 
in the U.S., these processed animal waste products must be treated appropriately to 
ensure a product which is free of harmful pathogens, pesticide residues, parasites, 
heavy metals, or drug residues [55]. Although recycled animal wastes have been 
knowingly incorporated into animal feed for almost 50 years, the Food and Drug 
Administration does not endorse the use of recycled animal waste [19]. Regardless, 
protein content in dried manure ranges from 12 – 18 wt% for cattle, 28 – 48 wt% 
Australia
720,000
New Zealand
214,300
Turkey
185,600
United 
States
4,026,800
European 
Union
3,950,000
South 
America
3,970,578
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 for poultry and 22 – 25 wt% for pigs [56], making it another source of valuable 
protein and nutrients. 
Just as the sources of waste are diverse, so too are the wastes generated, each with 
a different chemical and physical make-up, directly impacting how they are best 
utilized (Table 5). Many studies focused on the valorization of these and other waste 
streams in a profitable way. Obviously, for protein meals which can be fed to 
livestock or fish, the price for which they are sold will generally cover the cost of 
producing them, and in the case of animal by-products, the revenue generates a 
reasonable profit. However, for inedible protein meals (including meals which 
either have no market, or limited market access) adding value through conversion 
into novel products is of greater necessity. The problems with imparting additional 
value to these products is not necessarily related to the scientific or technological 
feasibility or even cost, but are most commonly associated with the perceived risks 
and often restrictive supporting legislation. 
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 Table 5: Residues of food processing and by-products. Adapted from [11, 57]. 
 
4 Bio-security and risk governance 
Every nation strives to maintain its bio-security to protect its ecological and 
economic resources from disease and invasive pests. The most effective means of 
governing the risks posed by the importation of dangerous or questionable 
materials, and the harm they may cause to animals or humans, is to impose legal 
restrictions. The importance to maintain biosecurity is most apparent when 
considering the risks of international trading. The introduction of invasive pests and 
disease through international trade could lead to adverse effects, on not only plant 
Dietary fiber, 
biomass for ethanol production, 
 biomass for other bio-processes 
Industry Food processed Residues and by-products Value addition of by-products
Grain crops
Grain, flour, bread, biscuits,
 crackers, cakes, 
starch, bakery goods
Straw, stems, leaves, husks, cobs, hulls,
 fiber, bran, germ, gluten, steep liquor
Fruits and 
Vegetables
Pectin, pigments, sweeteners, 
antioxidants, essential oils,
 proteins, vitamins,
 sterols, ethanol, yeast, enzymes
Tinned fruits and vegetables, 
juices, vegetable oils,
 starches, sugars
Rotten fruits and vegetables, 
stem waste, pits, seeds, peels, pulp
Seed oils
Press cakes/oil seed cakes, 
oil water emulsions,
rancid fats, shells of oil seeds
Oils, hydrogenated fats
Seafood
Fishmeal, fish oil, polyunsaturated 
fatty acids, fish protein concentrate,
 hydrolysate, collagen, gelatine, 
chitin, chitosan, calcium carbonate
Canned, filleted, smoked or 
salted fish, processed 
crustaceans and mollusks
Scales, fins, bones, guts, 
fish oil and shells
Bloodmeal, Meat meal, fat, 
feather meal, hydrolysate, 
bone meal, plasma, red blood 
cells, collagen, gelatine
Processed meat and 
poultry products
Blood, hides, hair, heads, horns, 
hooves, offal, fat, meat trimmings, 
feathers, feet, giblets
Meat and 
poultry
Whey protein, solids from
wastewater treatment
Milk, butter, cream, yogurt, 
cheese, ice cream Whey, wastewater
Dairy products
Bio-surfactants, growing media
bio-char
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 and animal health, but biodiversity and food production as a whole, and should be 
appropriately managed [58]. 
These measures must consider not only the scientific evidence supporting such a 
restriction, but must also consider any reasonable precautions which can act to 
offset any deficiencies in a solely scientific approach. Hence, during the 
development of a new policy, a risk analysis is first performed, followed by 
evaluation of that risk through the lens of current legal, institutional, social and 
economic circumstances, all of which is undertaken by the stakeholders who 
represent them [59]. As such, risk governance deals with the management of both 
perceived and scientifically founded risks. 
Although risk management implemented through public policy is focused at the 
national level, many food and natural resource policies operate at levels both below, 
and beyond the national level [59]. However, as a result of the discrepancies 
between each state’s local policy making and a lack of cohesive global regulations, 
the intersection between risk and commerce continues to be a major challenge 
facing the international trading system. 
A significant amount trade conflict experienced at the World Trade Organization 
has involved the US, Canada, and/or the EU [60]. Some topics which became the 
focus of either formal or informal disputes have included hormone-fed beef, bovine 
spongiform encephalopathy (BSE), raw milk cheese, genetically modified 
organisms, chlorine washed chicken and wood packing materials.  Such disputes 
imply the presence of a transatlantic divide over what constitutes a legitimate risk 
regulation, however this is an over-simplification. 
While the risk regulations set forth by the EU take a precautionary approach, acting 
in light of scientific uncertainty and taking into account public concerns, the US 
system is based upon a “sound science” approach, free from political influence, 
however, this has not always been the case. It has been argued that the US used to 
be more precautionary than the EU [60], but was pressured to limit the calculation 
of risk in public policy. The EU’s regulatory failures during food safety crises 
served to undermine public trust in the EU institutions, resulting in the use of a 
precautionary approach [60]. Overall, it has also been proposed that both regions 
partake in ‘occasional and selective application of precaution to different risks in 
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 different places and time’ [61]. Nevertheless, there are some consistencies around 
the world regarding the safe handling, distribution and disposal of food and animal 
wastes and by-products.  
5 Policy regarding plant and animal by-products 
The degree to which protein by-products, particularly animal by-products (ABPs) 
can be utilized is limited by the customs, religions and regulatory requirements of 
the region. All feedstuffs imported into a country must comply with general rules 
regarding hygiene, traceability, contaminants, labelling requirements and health 
issues given its expected use. The use of the product is then subject to more specific 
rules, largely limiting the use of those feedstuffs containing animal derived products. 
The first diagnosis of BSE in the United Kingdom in 1986, and the subsequent 
publication in 1996 that New Variant Creutzfeldt-Jakob disease in humans, had 
most probably arisen from exposure to BSE infected meat, sparked a global crisis 
with respect to food safety and risk management. 
Up until the outbreak of BSE during the 1980s, almost all protein by-products were 
utilized as feed supplements for livestock. In 1989, the practice of feeding ruminant 
animal protein meals to other ruminants was banned, along with the use of specified 
bovine offal (brain, spinal cord, other organs potentially infected with BSE) [62]. 
More recent infectious disease outbreaks, such as Avian Influenza and Severe 
Acute Respiratory Syndrome, have further jeopardized diplomatic relations, 
frightened the public and caused massive economic losses by disrupting global 
commerce [63]. Since then, concern over the risks posed by animal by-products, 
including infectious diseases, such as swine fever, foot and mouth and other 
contaminants such as dioxins, to human and animal health, has resulted in strict 
regulations regarding their safe handling and disposal [64, 65]. As such, most 
countries now have local regulations put in place which are typically broad in scope 
and directly impacts any person or business that generates, uses, disposes, stores, 
handles or transports food waste containing animal products and animal by-
products derived from the food processing industry. 
Currently, most countries no longer allow animal by-product meals containing any 
amount of ruminant tissue to be fed to other ruminant animals, although meat and 
bone meals containing ruminant tissue are still able to be fed to non-ruminant 
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 animals such as poultry, swine, pets, and aquaculture species in most countries, 
including New Zealand [39]. To the contrary, throughout the EU, meat and bone 
meals are banned from the feed of any animal which may become human food, and 
as a result, in the EU, meat meal and meat and bone meal are primarily incinerated 
or used as an ingredient in pet food [66]. 
In most countries legislation for waste disposal, disposal of dead animals and of 
slaughterhouse materials (animal rendering) is already in place. In Germany, the 
Animal Disease Act, the Meat Hygiene Act, the Poultry Meat Act and the Meat 
Hygiene Ordinance also regulate the disposal of slaughterhouse offal.  To protect 
animal and human health, the Canadian Food Inspection Agency (CFIA) enforces 
federal regulations governing the production and use of rendered materials that may 
be used in animal feed. However, a policy established by the National Renderer’s 
Association which prevented ovine material (sheep) from being used in meat and 
bone meals in the United States and Canada, and has recently been withdrawn [67]. 
Compared to Canadian and American policy, the framework of the EU regulations 
regarding animal by-products and derived products is complex, resulting from on-
going reviews by the EU Commission. Each updated regulation is a result of the 
successive amendment to the initial Regulation (EC) 1774/2002, most recently 
amended with (EU) No. 749/2011. In addition to covering the safe disposal options 
available for all animal products including meat, fish, milk and eggs not intended 
for human consumption, and other products of animal origin including hides, 
feathers, wool, bones, horns, and hooves. It also prohibits catering waste being used 
as livestock feed, and covers disposal of fallen stock, companion animals and wild 
animals if they are suspected of being diseased. The regulations also control the use 
of animal by-products as feed, fertiliser and technical products with rules for their 
transformation via composting and biogas operations and their disposal via 
rendering and incineration [65]. 
6 Current management options 
The existing options available for management of these by-products (and/or wastes) 
need to consider both legal regulations and the best ecological and economical 
solutions. Whether a material is deemed to be a valuable by-product (or a waste 
which needs to be disposed of) depends on the social, legal and technological 
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 framework surrounding its origin. From there, the most sensible form of 
management becomes a compromise between what is viewed as acceptable based 
on legal requirements and local perceptions, and what is technologically and 
financially feasible (Figure 3). 
 
Figure 3: Forming a sensible waste management system relies on compromise between public 
perception, legislation, cost and technologies. 
While it is most desirable to prevent waste and by-product formation, followed by 
re-use or recycling into other product lines, the formation of by-products and waste 
is inevitable and management options must be innovative and also meet local 
regulatory requirements. Waste management is then possible through several 
media; to use it in its current form, dispose of it through incineration or landfill or 
add value to it through  bioprocessing or valorization technologies (Figure 4). The 
choice of media used will largely depend on the cost, customs and regulatory 
environment. For instance, converting the by-product to animal fodder (bio-
reduction) may not be feasible in all countries. 
 
Figure 4: Flow diagram for conversion of agro-industrial by-products and crop resides. 
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 6.1 Use in its current form 
Excess and waste food has been used as animal fodder for centuries, and in many 
parts of the world, farmers still use waste food to feed their animals; primarily pigs 
and poultry. The practice of feeding waste material containing meat products to pigs 
was banned in the United Kingdom in 2001, (Statutory Instrument 2001, No. 1704 
The Animal By-products Amendment) to prevent further spread of BSE, and soon 
after a new regulation was implemented throughout the Europe Union (The Animal 
By-Products Regulation, EC No: 1774/2002) prohibiting catering waste from being 
fed to farmed animals. This includes all waste food and used cooking oils, as well 
as waste from vegetarian restaurants and kitchens. Based on these laws, only certain 
types of waste food can be given to livestock, and must first be treated 
appropriately.  
If the by-product cannot be immediately used as it is or treated appropriately for 
use as an animal feed, it must be safely disposed of.  Due to the time and expense 
of treating these food wastes, most end up in landfill. Currently, landfilling and 
incineration account for the treatment of greater than 95% of food waste in most 
European countries [68]. In general, using the biomass waste in the form it is in, 
either as an animal feed or fertilizer or as a fuel to generate electricity, is the most 
simplistic approach and generates a value of ~$US 70 – 200 per tonne of biomass 
[69]. 
6.2  Incineration 
Incineration is the simplest means of waste disposal, with its major advantage being 
the significant reduction in volume of the waste stream; up to 90 % for waste 
streams with high amounts of paper, cardboard, plastics and horticultural waste 
[70]. However, most food wastes aren’t appropriate for incineration owing to their 
high moisture content. When properly equipped, an incinerator can be used as a 
means of energy recovery to generate electricity. Heat released from the 
combustion of waste can be used to produce steam, which can turn a steam turbine, 
generating electricity. However, due to the increased concentration of toxins in the 
ash, incinerators must be operated alongside landfill systems in order to dispose of 
them. Combustion destroys chemical compounds and disease causing bacteria, 
leaving it pathogen free, but causes serious environmental problems through the 
production of carbon dioxide, nitrogen oxides, sulfur dioxide, and trace quantities 
 145 
 of toxic pollutants, such as heavy metals and dioxins. The remaining residues are 
often landfilled owing to their high heavy metal content. 
6.3  Pyrolysis and Gasification 
Thermochemical conversion of food and industry wastes are an effective means of 
converting energy rich biomass into a more easily used liquid or gaseous 
intermediate. High temperatures can be used with minimal (gasification) or no 
oxygen present (pyrolysis) to break down hydrocarbon containing wastes, resulting 
in combustible syngas mixtures containing carbon monoxide and hydrogen (85%), 
with small amounts of carbon dioxide and methane. This syngas intermediate can 
be further processed to produce bio-based gasoline, diesel or jet fuel, or be used in 
a fuel cell to generate electricity or steam. 
6.4 Landfilling 
Landfills are a common final disposal site for waste and the residues remaining 
from other treatment options, and involves burying the material.  At atmospheric 
pressure, one tonne of organic material generates approximately 200 – 500 m3 of 
landfill gas over a 10 – 20 year timeframe [71], comprised of 60 – 65 % methane 
and 35 – 40 % carbon dioxide and represent around 8 % of the anthropogenic 
methane emitted worldwide [68]. Methane (CH4), has 21 times the global warming 
potential of carbon dioxide, and can be recovered and burned (with or without 
energy recovery) to reduce greenhouse gas emissions [70]. Other serious 
environmental implications of landfilling include the risk of leachate (potential 
toxic liquid which drains from landfills) entering surrounding soils and 
groundwater. 
Although the use of landfills is common, their use has been discouraged through 
the implementation of landfill taxes and directives such as the ‘Landfill Tax’ in the 
U.K. in 1996 and EU Landfill Directive established in 1999 [71]. Obviously, other 
disposal options are preferred to landfilling, which costs ~ $US 400 per tonne. 
6.5 Bioprocessing 
Around 60% of the municipal waste sent to landfill is biodegradable and mostly 
comprised of food waste [70]. This makes bioprocessing, such as composting and 
anaerobic digestion, sensible options for disposing of these organic waste streams. 
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 A common means of obtaining a safe end product is achieved through composting. 
This involves a combination of chemical and microbiological processes occurring 
throughout three stages that convert organic materials to a stable, soil-like product 
called compost [72, 73]. Provided composting is carried out well, the volume and 
mass of the waste can be reduced by up to 40 %. For composting to occur 
efficiently, the conditions of the composting process must be maintained at an 
optimal level to encourage microbial growth. Due to changes in the composition of 
waste material with location and over time, the compost mixture needs optimization 
through regular adjustments. For instance, if the system becomes anaerobic, 
offensive odours can be produced, and if it becomes too wet or too dry the process 
will halt altogether. Some of these organic waste materials require specific pre-
treatment before composting can occur. In the UK, EU standards must be 
implemented over and above UK standards if the site treats Category 2 ABPs which 
have first been pressure rendered, or Category 3 ABPs if they exclude catering 
waste. Exceptions apply for some types of ABPs in the UK which can be composted 
in closed reactors at 70 oC for > 1 hour or in housed windrows at 60 oC for > 8 days 
under strict operating parameters with a maximum particle size of 400 mm. 
While compost is of limited value, it is still a more economic option compared to 
landfilling. Other bioprocesses can be employed which produce more valuable 
products. Biofuels can be produced using fermentation, valued at  $US 200 – 400 
per tonne more than the initial biomass-waste [69]. Anaerobic digestion is another 
means of disposing of organic waste materials, and is carried out in an enclosed 
vessel. The methane generated can either be flared or collected for combustion to 
generate heat and/or electricity which also adds value to the waste biomass. 
The maximum value can be recovered from these waste materials by converting 
them into more purified streams, and using them in the manufacture of lubricants, 
surfactants, plastics, fibers and industrial solvents. Theoretically, all ABPs in the 
EU could be combusted as fuel for energy, provided the EU Commission formulates 
the appropriate rules and regulations, which as of yet has not been done. 
Although there are many technologies currently available (or in developmental 
stages) which aim to valorize by-products of industry, legislation has yet to be 
passed which explicitly deals with higher technology outcomes. Most current law 
deals with the safe handling and disposal of animals, their products and by-products 
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 and animal feeding. While it is necessary to contain health and environmental risks 
through appropriate legislation, it is becoming apparent that the use of animal by-
products and food wastes (excluding crop residues and some agro-industrial by-
products) for animal fodder and composting is not only obsolete, but in many 
nations, illegal. 
7 Value addition 
Many technologies exist which aim to valorize by-products of the agricultural 
industry. While the edible portion of these protein rich by-products could be used 
for recovery of essential amino acids for human consumption, or as is, for use in 
animal feeds, higher value applications for inedible and non-essential amino acids 
may include providing a feedstock for protein based materials such as plastics, and 
for the production of bio-pesticides and commodity organic compounds [20, 21]. 
Along with more obvious uses of protein hydrolysates, animal feeds and biomass 
for energy recovery, protein based meals from crop residues and agro-industrial by-
products also find value addition through use in biological processes. An example 
is the use of various oil seed cakes which have been shown to be ideal mediums for 
many types of bacteria and fungi responsible for producing a variety of enzymes, 
anti-biotic and antimicrobial compounds and bioactive metabolites [57]. Protein 
based raw materials can be used for the production of 1,2-ethanediamine and 1,4-
butanediamine from the amino acids serine and arginine respectively [74]. 
Furthermore, protein based surfactants are valuable mild surfactants, since the 
structure and properties of the amino acids in the surfactants are similar to the amino 
acids which make up the tissue of skin.  
If valorization technologies are to be implemented on commercial scale, they must 
work within current legal constructs. However, this doesn’t deal directly with the 
science involved and may inhibit progress if new legislation is not developed which 
more closely examines the evidence and whether risk regarding human and animal 
health is still an issue. In light of current legislation and potential markets for value 
added commodities, it is becoming apparent that the use of protein-rich agricultural 
by-products for lower value applications such as animal fodder, is no longer a 
sensible use of such a valuable resource. 
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Abstract 
Global consumption of meat products established an enormous and constantly 
growing industry. By-products generated from this industry have a high biological 
oxygen demand and if not treated properly can have serious implications for the 
environment. Meat products, such as fish, chicken as well as beef, sheep and pork 
all result in similar waste products. These include carcasses, intestines, feathers, 
fish bones and scales as well as blood. Although these can be seen as waste from 
the meat producer they become much more valuable after rendering.  A variety of 
products exist, such as gelatin from hooves, meat-and-bone meal from carcasses 
and intestines as well blood, feather and fish meal. These are mainly used as animal 
feed supplements due to their high protein content, but the nutritional properties 
vary dramatically, and in some cases further processing is required. In this chapter 
the sources and properties of animal-based proteins are discussed in terms of their 
biological composition as well as their physico-chemical properties. 
1 Introduction 
Domesticated livestock play a significant role in maintaining the modern human 
lifestyle. These animals are reared and slaughtered for meat as well as dairy and 
other animal products. Global demand will continue to rise along with population 
growth, and as more underdeveloped countries adopt westernized eating habits [1, 
2]. 
The continual growth of this market has triggered some dramatic changes to what 
would now be considered traditional farming practice. Intensive breeding of 
livestock is aimed at maximizing product yield and has become commonplace in 
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developed countries [3, 4]. To keep up with the calorific demand of high production, 
pasture is often supplemented with grains, such as maize or wheat. Feed may also 
be fortified with protein meals, such as corn gluten meal, and in countries where 
there is no restriction, can include animal by-products, such as blood meal [5]. Pre- 
and pro-biotics, growth promoting factors, supplements and additives are often used 
in intensive farming practices to accelerate growth, boost production and improve 
animal condition. 
No matter how rapid or big an animal grows, only 30 – 40 % of the animal is used 
for human consumption [6, 7] and what remains equates to a significant volume of 
solid and liquid waste. These are considered an aesthetic, environmental and 
economic burden, and their safe disposal can incur considerable cost to the meat 
processor. 
With the expected rise in worldwide consumption of animal protein products, so 
too will there be an increase in associated waste. In a world with finite resources, 
the minimization, recovery and utilization of by-products becomes increasingly 
important [8]. 
This chapter evaluates various aspects of animal by-products obtained from 
commercial slaughterhouses which are then rendered to produce higher value 
products. Sources of raw materials are investigated, including emerging industry 
specific wastes, such as those from fisheries. The effect of some processing 
techniques and nuances of typical rendering processes on product quality, economic 
value and end-use are considered.  
One limitation of this discussion is the intrinsic variability of meat processing. 
Although not covered extensively, it is important to realize that the following 
aspects of this industry directly influence the type of animal by-products and their 
final uses: 
x Animal production and therefore by-product quantity and quality are subject 
to daily and seasonal variation. 
x Animal market conditions vary between different locations and countries. 
x Animal composition varies both between species and within a species 
depending on the animal’s breed, age, gender, health and condition. 
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x Raw material obtained for rendering will depend on what is considered 
“edible”, which is subject to the culture, customs, religion, regulations and 
market demand of the considered location. 
x The collection process of the rendering plant and product handling also 
determines the quality and end-use.  
Also, this chapter specifically deals with by-products from commercial slaughter of 
cattle, sheep/lamb, pork, poultry and seafood processing. Processing of animal 
wastes from farms, game meats, zoo animals and companion animals is outside the 
scope of this discussion. 
2 The meat industry 
Production and processing of animals for food results in ancillary animal by-
products (ABP). Continuous research behind the technology and regulatory aspects 
of meat processing is aimed at improving hygienic meat collection and minimizing 
product loss. Slaughterhouse operations vary depending on the size and space 
limitations of the plant. Common operations, regardless of species, include holding, 
stunning, killing, bleeding, hide or hair removal, evisceration, carcass washing, 
trimming and dressing. Secondary operations may also occur on-site including 
cutting, deboning and processing into retail products. 
A typical process flow for slaughter of livestock is described in Figure 1 where the 
principle commodity is meat, however other by-products obtained during the 
slaughter process are: 
x edible by-products – offal, casings 
x inedible by-products – hides, horn, wool 
x low value by-products – protein meals for animal feed 
x waste items, with no useful purpose to be disposed of. 
While the most valuable materials have already been removed during processing, 
potentially useful components may remain in the low value products and waste [9]. 
These components need to be effectively utilized to cover the overheads of 
slaughtering, pollution control and disposal [6, 7]. Despite their associated 
environmental and health risks, these waste materials are now recognized for their 
potential to be recycled or converted into value-added products and now represent 
valuable economic commodities. 
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 Figure 1: Process flow diagram for general meat processing. 
  
 159 
1.1 Economics of by-product processing 
Providing meat, milk and eggs for human consumption also results in the ancillary 
production of edible and inedible by-products. Approximately 49 % of the live 
weight of cattle, 44 % of pigs, 37 % of broilers, and 57 % of most fish species 
cannot be sold as meat or used in meat-products for human consumption and are 
classified as inedible by-products [10]. In the United States alone, this is estimated 
to correspond to the production of ~25 million metric ton of inedible animal tissue 
annually [11]. 
Animal by-products may represent up to 75% of an animal’s live weight, but in 
their unprocessed state may be worth as little as 10-20% of the animal’s total value 
[12]. However, with appropriate processing the revenue from the end-products may 
nearly equate to those of the meat. In some cases, the commercial value of these 
by-products is higher than the sum of the operating expenses and the margin 
required to operate profitably [7]. Rendering is the most economical method for 
safely handling these materials, salvaging billions of dollars of saleable product 
[11].  
The edible products are considered to be the most valuable part of the slaughtered 
animal. Technologies have been developed to capitalize on the production of edible 
materials from normally inedible products, such as protein concentrates from horns 
and hooves for use as flavoring agents [12]. Classification of by-products depends 
on local culture, customs and regulations, and as a result, some products can be 
downgraded from edible to inedible [7]. Inedibles are then rendered into products, 
such as meat and bone meal (MBM), meat meal (MM), poultry meal, hydrolyzed 
feather meal, blood meal, fish meal, and animal fats. 
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1.2 Rendering 
Rendering is a combination of mechanical, thermal and sometimes chemical 
processes to separate biological materials (the waste from the carcass of a dead 
animal) into its constituent components; fat, protein and water. More importantly, 
it can be seen as an integrated system to safely process raw material into a material 
that complies with environmental and disease control legislation. The purpose of 
rendering is to: 
x Sterilize by-products for safety. 
x Remove fat to prevent oxidation during storage. 
x Drying to inhibit bacterial growth and facilitate transportation and storage. 
x Create saleable products. 
Rendering depends largely on the type and condition of raw material and directly 
influences production costs, product quality and financial success of the product 
[13]. Therefore, appropriate selection and operation is paramount for high quality.  
1.2.1 Rendering sources 
Biological raw material not only includes inedible offal, fat and animals classified 
as “condemned”, but also animals that died before slaughtering. Rearing animals 
leads to a large number of on-farm livestock mortalities. These deaths include 
stillbirths, the unwanted offspring of livestock, culled animals and animal deaths 
caused by disease or age. Rendering plants deals with the disposal of these animals, 
along with waste from slaughterhouses (Figure 2). Therefore rendering not only 
generates value-added products, it also provides a hygienic means of disposing of 
fallen and condemned animals. 
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 Figure 2:  Sources of raw material for rendering from animal production. 
1.2.2 Basic principles of rendering 
The two basic processes occurring during rendering are the separation of fat and 
drying the remaining protein-rich residue. Rendering involves crushing the raw 
material and cooking at 110 – 120 °C for sterilization. The majority of the fat is 
decanted and the residual solids (~20 % fat) are then centrifuged. The solids are 
sometimes solvent extracted leaving degreased protein-meal (3 - 5% fat) as residue 
[8]. 
The main factors determining product quality are: 
x pre-crushing and quantity of the raw material used 
x steam pressure 
x agitator speed and temperature 
x cooking/drying temperature 
x end-point moisture content 
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To obtain the highest quality products, material should be rendered as soon as 
possible after slaughtering to minimize bacterial degradation of proteins and fats. 
Where possible, processing should avoid introduction of additional air or moisture 
to minimize oxidation and hydrolysis. 
Generally, rendering begins with the removal of undesirable parts from the raw 
materials. In particular, paunch content must be removed and viscera washed. 
Failure to do so results in a green-tinted product, degrades fat quality (higher free 
fatty acid content [14]) and increases moisture, impurity and unsaponifiable content 
[15]. Quality is also ensured by rapid cooking, allowed for by adequate heat transfer 
during cooking, achieved through size reduction of the raw material. The cooked 
mixture is separated into fat, water and protein by screening, pressing, 
centrifugation, solvent extraction, and drying [16]. 
Rendering can be categorized into either “edible” or “inedible”. Edible rendering 
only utilizes by-products obtained under sterile conditions. For example, fat 
trimming is ground and melted to release moisture and “edible” tallow. The three 
end-products (protein, fat, and water) are separated by screening and sequential 
centrifugation. The protein-rich solids are dried and sold for use as animal feed, 
water is treated for recycling or discharge, and the edible fat is stored for refinement. 
Other edible products are also produced, such as gelatin from bone collected 
hygienically. 
By contrast, inedible rendering processes utilize the remaining protein, fat and 
keratin (hoof and horn). The rendering process also involves cooking, dewatering 
and separating fat, protein and water but often requires some pre-cooking processes. 
This includes the removal of skin and paunch and thorough washing of the entire 
carcass. The hide is not normally removed from hogs and small animals, but 
removal of their hair is carried out before washing and cleaning [16]. The cleaned 
carcasses are then crushed, weighed and passed through metal and non-metal 
detectors to remove nearly all of the magnetic and non-magnetic metal materials 
(tags, hardware and boluses). 
Although edible and inedible rendering processes are similar, they differ in their 
raw materials, end products and sometimes equipment. Furthermore, different 
rendering systems work well for small (poultry), medium (swine, sheep, calves), 
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and large sized (cattle and horse) mortalities [16]. Typically all rendering systems 
can be classified as either wet or dry depending on whether the fat is removed before 
or after the drying operation; both can be carried out in a batch, semi-continuous or 
continuous mode. More recently, low-temperature rendering systems have become 
popular, as they prevent destruction of amino acids and maintain the biological 
activities of lysine, methionine and cystine [7, 16].  
2 Animal products and by-products 
2.1 Meat and poultry by-products 
Rendered, inedible by-products are often divided into three categories:  
1. tallows – the fats extracted during the rendering process. 
2. degreased bones for use in the production of gelatin. 
3. protein-meals such as meat meal, meat and bone meal, hoof and horn meal 
and blood meal. 
Tallows are used in the manufacture of candles, soaps and cosmetics, paints, 
printing inks, water repellants and biodiesel production [8, 17]. In addition to 
gelatin production, degreased bone has been used in the manufacture of glues used 
in plywood and abrasive paper manufacture and bone flour in the production of fine 
china [8]. 
The by-product mass produced from four commercial meat species reared in 
Australia, relative to the supply of 1000 kg of retail portions is given and expressed 
as a percentage of the live-weight (Table 1) [18]. 
The most important and valuable use for the protein rich ABPs is as feed ingredient 
for livestock, poultry, aquaculture and companion animals. Although use of ABPs 
in feeds/fertilizers are technologically and economically viable, a growing market 
also exists for protein hydrolyzates [19], which may be used as flavor enhancers, 
functional ingredients or to boost the nutritional value of foods considered to have 
a low protein quality. Additionally, some inedible ABPs are transformed for use in 
pharmaceuticals and to recover amino acids for a feedstock for higher applications. 
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Table 1: Product mass for four commercial meat species relative to 1000 kilograms of retail edible 
product.  Data retrieved from [18]. 
Description Product Beef Sheep Chicken  Pork 
Farm-gate product Live weight 2375 2255 1712 1618 
Intermediate product Hot standard carcass weight 1307 1060 1216 1229 
Wholesale product Cold carcass weight 1267 1017 1179 1177 
Wholesale/retail product Retail cuts 887 895 967 906 
 Edible offal 113 105 33 94 
Retail portions (retail cuts + edible offal) 1000 1000 1000 1000 
 Hides 214 169 0 0 
 Pet food 30 34 17 84 
Rendering material Unprocessed meat bone 
offal 
989 800 593 372 
Rendering products Protein meal products 257 152 154 53 
 Tallow 154 156 73 109 
 Blood meal 14 14 5 5 
Sum (%LW) material to rendering 41.6 % 35.5 % 34.6 % 23.0 % 
                                                          Protein meal (%LW) 10.8 % 6.7 % 9.0 % 3.3 % 
                                                          Tallow (%LW) 6.5 % 6.9 % 4.3 % 6.7 % 
                                                          Blood meal (%LW) 0.6 % 0.6 % 0.3 % 0.3 % 
Total product from rendering (%LW) 17.9 % 14.3 % 13.6 % 10.3 % 
In most countries, everything produced from the animal, other than the dressed 
carcass, is considered a by-product. These by-products include hides, skins, hair, 
feathers, heads, horns, hoofs, feet, toe nails, bones, tendons, glands, muscle and fat 
tissues, shells, and the contents of the gastro-intestinal tract, blood and internal 
organs (Table 2). This represents ~30 – 50 % of the live weight of the animal and 
equates to the production of ~60 million metric tons of ABPs globally every year 
[20]. These ABPs can be subdivided into two categories; edible and inedible, the 
allocation of which depends on the country of origin. 
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Table 2: Edible and inedible animal by-products [12] and estimated proportions as percentage 
live-weight (%LW) from commercially produced livestock [20] and [10]. 
Edible Edible/Inedible Inedible 
Liver Lungs Horn 
Heart Spleen Hooves 
Tongue Small intestine Teeth 
Kidneys Large intestine Bile liquid 
Brain Stomach Hair 
Oxtail Urinary bladder Wool 
 Caecum Bristles 
 Oesophagus Foetus 
 Testicles  
 Uterus  
 Skin/Hide  
 Bone  
 Blood  
 Pancreas  
 Tallow  
 Lips  
 Snouts  
 Ears  
  Beef Sheep Chicken  Pork Fish 
Average %LW for human consumption [20]  55 50 70 60  
Average %LW edible and inedible ABPs [20]  45 50 30 40  
Average %LW not for human consumption [10] 49  37 44 57 
The distribution of by-product yields varies for both species and different breeds of 
livestock, and is probably influenced by the age, gender, condition of the animal 
and slaughterhouse operation [6, 12, 21]. This variation is likely to be greater when 
the product yields of livestock from different countries are compared, as animals 
will be reared according to market demand, and disseminated and utilized according 
to the local cultural and regulatory environment. It is for this reason that factors 
such as the dressing percentage and retail yield should be determined based on data 
representative of the supply chain being investigated [18]. 
2.2 Seafood by-products 
Over the past 20 years, global demand has driven a significant increase in 
aquaculture. The quota system for harvesting wild populations, along with changes 
in environmental and economic perception has been driving an increase in harvest 
utilization and like other meat processing industries, is also being pushed to 
maximize by-product recovery and utilization. Historically, only the most desirable 
portion of the fish was used, accounting for as little as ~20-30 wt% of the animal, 
and what remained was disposed of or processed into cheap animal feed [22]. While 
the quantity used for human consumption may have improved in recent years, fish 
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and shellfish processing results in more than 60 wt% by-products, including head, 
skin, trimmings, fins, scale, viscera, and bones [23]. 
In 2001, total global fishery production (excluding aquatic plants) was reported to 
exceed 130 million metric tons, with ~38 million tons obtained from aquaculture 
practices [24], and by 2012 total production had reached 158 million tons, with ~67 
million tons from aquaculture [25]. Processing this seafood for consumption leads 
to the generation of a large volume of fish waste, most of which is used to create 
fish silage, fishmeal and fish sauce, along with approximately 8 wt% being 
discarded [26]. In addition to fish processing, a large quantity of wastes from other 
sources are processed, such as molluscs, crustaceans and cephalopods. A typical 
fish processing operation involves stunning, grading, removing slime, deheading, 
washing, scaling, gutting, cutting of fins, meat bone separation and preparing steaks 
and fillets (Figure 3) [27]. 
Many other valuable materials can be extracted from fish muscle, skin, oil, bone, 
viscera, shells of shellfish and crustaceans. These are all rich in bioactive 
components, such as water-soluble minerals, peptides, collagen, gelatin, enzymes, 
oligosaccharides and fatty acids [27, 28]. The value of these compounds is likely to 
increase due to growing evidence of their potential health benefits including 
antihypertensive, antioxidant, anti-microbial, anti-coagulant, anti-diabetic, anti-
cancer, immunostimulatory, calcium-binding, hypocholesteremic properties and 
appetite suppression [29]. As such, marine by-products should be considered as 
valuable resources that show promise as functional food ingredients and potential 
as materials for use in biomedical and nutraceutical applications [30]. 
Fish meal and oil constitute the bulk of by-products generated from fisheries. In 
Iceland, these by-products comprise 63 wt% of the fish processed but only accounts 
for ~14 % of the total revenue of exported seafood products [23]. Like other ABPs, 
when appropriately processed, inedible portions are often equal to or exceed the 
value of the primary edible product [22]. However values tend to fluctuate 
depending on the availability of other animal feeds, particularly during pandemic 
events or disease outbreaks, such as bovine spongiform encephalopathy (BSE) or 
avian flu [23]. In the future, an increased understanding of proteins and fish oil 
chemistry may yield resources of greater value [23]. 
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 Figure 3:  Generalized flow chart of fish processing operations and by-products. 
2.3 Animal by-product meal quality 
The quality of the final by-product meal is largely dependent on the extent of 
microbial degradation prior to rendering, the temperature, pressure and rendering 
time and any product refinement. The value of meals is reduced by microbial or 
thermal degradation reflected in sensory and aesthetic properties, often contributing 
a dark color and off-flavors and odors. 
The extent of microbial degradation is determined by the type of material collected, 
its condition and the storage and handling techniques involved prior to rendering. 
To minimize the extent of degradation, the entire collection and rendering process 
is generally carried out as quickly as is possible. 
Sensory attributes, such as color, texture, flavor, odor and physical qualities 
including solubility and particle size distribution are indicators of the overall quality 
of the protein meal [16]. These physical attributes are typically the controlling 
factors which dictate the overall taste and palatability of the product for use in 
animal feed supplements, and may also influence final digestibility. As such, poor 
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sensory qualities lower the value of the meal as it is more difficult to implement as 
a feed ingredient [31]. For instance, a product which is dark in color is often the 
result of browning reactions or oxidation between carbohydrates or lipids with 
proteins during heating [32] and is often accompanied by a burnt caramelized flavor 
and odor. Malodor is often an indication of poor storage and handling conditions 
that have resulted in putrefaction of proteins and auto-oxidation of lipids generating 
offensive volatile compounds [33, 34]. Other physical properties, such as the 
material’s density and the overall uniformity of particle size may also become 
important depending on their intended final use. 
The quantity and quality of the protein is what will decide the final value of the 
product. Animal protein meals are an important feed ingredient for poultry, fish and 
pigs in most parts of the world, although some limitations exist to prevent outbreaks 
of BSE (the US and Canada have banned specified risk material (SRM) from use 
in animal fodder or fertilizer applications, and no animal proteins can be used as 
feed ingredients for other farmed animals throughout Europe). Solubility can be a 
useful indicator of how denatured a protein source has become during rendering 
and drying. Proteins are generally denatured and undergo aggregation a result of 
the high temperatures, as a result they tend to become fairly insoluble. 
In addition to physical properties, the chemical characteristics of the protein meal 
will also influence its value and final application. The quantity and bio-availability 
of both macro- and micro- nutrients is important for tailoring animal feed and are 
also indicators of quality, for example high calcium and phosphorus content in a 
meat meal may indicate the presence of bone. 
Amino acid composition is also a good indicator of the quality, as heat labile amino 
acids, such as tyrosine, tryptophan, phenylalanine, histidine, cysteine, lysine and 
methionine tend to get damaged, oxidized or cross-linked during high temperature 
processing. Such changes in the primary structure of the proteins directly affects 
the solubility and nutritional value, and will also change the behavior of the material 
in higher end applications. 
Product quality is generally improved by employing low temperature rendering 
operations, and is most notable for amino acid digestibility [6]. A study of New 
Zealand MBMs showed that on average, batch drying between 100 – 130 oC was 
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able to produce products of a similar nutritional quality to those produced at 60 – 
90 oC [35]. While low temperature rendering could be used in countries which are 
free of BSE, such as New Zealand and Australia, it would not be recommended in 
countries with a known risk of BSE. 
Current legislation in Canada, the US and the Europe Union acts to minimize the 
spread of BSE by prohibiting the use of SRM from cattle (such as the brain and 
spinal cord) in feeds or fertilizers. To ensure any BSE prions are inactivated in the 
final products, SRM is first segregated from the edible and inedible raw materials, 
which are then rendered under the EU guidelines of 133 oC at 300 kPa, for 20 
minutes [36]. The SRM is subsequently treated using a method deemed sufficient 
to deactivate BSE prions within the material, such as hyperbaric thermal or alkaline 
hydrolysis [36], or is incinerated for disposal. 
Slaughterhouses are the largest producer of animal by-products, and will often have 
processing operations on-site for some or all of the by-products produced. Blood 
may be processed on site, preserved, aged or refrigerated and transported by truck 
to a processing facility, while other materials from slaughterhouses, processors, 
wholesalers and retailers which cannot be processed on site are sent to rendering 
plants. The raw materials are usually first collected in large storage bins or silos and 
may have built in de-watering devices to drain excess water [14] prior to transport 
to a rendering plant by truck [37]. Most waste material contains a large number of 
microbes or is easily altered by microbial activity. Given a typical raw material 
composition (~ 60 % water, 20 % protein and minerals, and 20 % fat [10]), an ideal 
medium for microbial growth and enzymatic activity exists. 
During storage and transportation, oxygen present in the blood and meat tissues is 
rapidly consumed by aerobic and facultative bacteria, and once consumed the 
proteins begin to undergo putrefaction as anaerobic bacteria decompose them. The 
formation of odorous amines, such as indole, skatole, putrescine and cadaverine 
during putrefaction lowers the quality and value of the final product. Putrefaction 
can be prevented through the addition of a suitable preservative, such as formic 
acid, sodium chloride and unslaked lime, 3 % sulfuric acid or potassium 
metabisulfite in the case of blood [14, 38]. 
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Rendering of carcasses in advanced stages of decomposition is uncommon as both 
hide removal and carcass cleaning becomes difficult. Furthermore, the high water 
content increases transportation cost and separation can lead to other disposal 
problems due to the high levels of organic compounds in the water.  
It is generally better to store the raw material as long as possible before size 
reduction as grinding of the material leads to an increase in free fatty acid (FFA) 
content. Preservatives such as sodium chlorite or dilute acids (reducing the pH to 
3.5-4.0) can be added to delay the increase in FFAs but in general it is best practice 
to carry out rendering as soon after size reduction as is practical [14]. 
3 Characteristics of common protein by-products 
3.1 Blood meal 
Collectible blood makes up approximate 4-6 % of an animal’s live weight. It is 
protein rich (~17 wt%) with a good balance of amino acids, is rich in lysine and is 
also high in iron [9]. During collection, whole blood begins to coagulate as 
fibrinogen proteins form insoluble complexes with free calcium ions. If necessary, 
coagulation can be inhibited through the addition of ethylenediaminetetraacetic acid 
disodium salt (EDTA), oxalic acid or anhydrous sodium citrate [39, 40]. However, 
it is not common practice as blood is typically coagulated to aid dewatering. Blood 
is often aged prior to drying to induce coagulation at lower temperature thereby 
minimizing thermal degradation [41], although low temperature coagulation can 
also be achieved by adding free calcium ions in the form of 1 % calcium chloride 
[42]. 
When stored in a dry condition, blood meal is a microbiologically stable material, 
relying on its low moisture content and water activity for preservation [40]. Blood 
can be dried in a number of ways to obtain a stable, highly nutritive product, free 
of contaminants, such as wool or hair. Whole blood is strained prior to dewatering 
to remove debris, followed by coagulation using direct steam injection (~90 oC) or 
being passed through a heated pipe [43, 44]. The coagulant is separated using a 
centrifuge decanter to remove up to 50 %, followed by thermal drying. Common 
drying operations include direct batch drying, batch coagulation followed by batch 
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drying, continuous coagulation prior to drying, continuous dryers, spray dryers or 
other novel systems [14]. 
Drying conditions have a significant impact on crude protein content, protein 
quality and bioavailability of amino acids. Ring drying typically produces a better 
quality product than a flash dryer as it uses warm air rather than a heated metal 
surface. Because direct contact with a hot surface is avoided, heat labile amino acids 
(e.g lysine) are not destroyed [43]. Typical commercial blood meals have a moisture 
content of 5-8 wt% and a water activity of 0.3-0.45 [45], typical characteristics of 
thermally dried blood meals are given (Table 3). 
The amino acid composition of blood proteins vary between species. Notably, 
poultry blood has a significantly higher quantity of isoleucine compared to bovine 
or porcine blood; similarly, porcine blood has a significantly lower quantity of 
lysine [46]. The differences in amino acid composition between species has been 
observed in the meals produced from spray drying, where avian blood meals have 
higher arginine, cysteine, isoleucine and tyrosine content compared with porcine 
and bovine blood meals [47]. Variation in amino acid content not only influences 
the feed application, but also higher end applications, such as the manufacture of 
thermoplastics. 
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Table 3: Typical product characteristics and proximate analysis of blood meal [48-58], amino acid 
composition [57, 59, 60] and mineral content [48, 51, 57, 61]. 
Characteristic Value   
Dry material % 85.2 - 98.5   
Crude protein % 80.2 - 100.5   
Ether extract % 0.2 – 1.5   
Crude fiber % 0 - 6.2   
Gross energy kcal/kg 4844 – 5660   
Ash 1 - 8.6 %   
Moisture content 5 - 8 %   
Water activity 0.30 - 0.45   
Particle size 85 - 200 µm   
Color Dark, red-brown   
CIE L*a*b* value L* = 25.2 
a* = 14.4 
b* = -2.9 
  
Amino acids  Mineral content 
Alanine 7.82 %CP Ca 0.30 – 0.40 % 
Arginine 4.38-4.91 %CP P 0.23-0.30 % 
Asparagine 4.67 %CP Mg 0.03-0.24 % 
Aspartic acid 6.20 %CP K 0.09-0.33 % 
Cystine 0.11-1.92 %CP Na 0.31-0.40 % 
Glutamine 4.32 %CP Cl 0.26-0.33 % 
Glutamic acid 6.38 %CP S 0.32-0.77 % 
Glycine 3.86-4.95 %CP Cu 9.7-10.8 mg/kg 
Histidine 5.57-6.61 %CP Fe 2453-4110 mg/kg 
Isoleucine 1.18-2.54 %CP Mn 5.2-9 mg/kg 
Leucine 11.4-14.8 %CP Se 0.77 mg/kg 
Lysine 8.25-10.7 %CP Zn 22-33 mg/kg 
Methionine 0.01-1.17 %CP Mo 0.6 mg/kg 
Phenylalanine 5.83-8.20 %CP   
Proline 6.29 %CP   
Serine 4.49 %CP   
Threonine 3.95—7.06 %CP   
Tryptophan 1.30-3.89 %CP   
Tyrosine 2.86 %CP   
Valine 8.21-10.45 %CP   
 
3.2 Meat by-product meals 
Meat meal and meat and bone meal are both produced by rendering the inedible or 
unsold by-products from slaughterhouse operations. The majority of the raw 
materials present in MM and MBM come from cattle, swine, and poultry, with most 
of the literature available on MBM containing material sourced from more than one 
species. Meat meals often include the addition of dead stock (animals which died 
before slaughter) in some cases representing greater than 10% of the total raw 
material rendered [62]. It may also include expired meats from retailers and 
materials recovered from dissolved air floatation used for treating rendering 
effluent. 
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Until recently, a policy established by the National Renderer’s Association 
prevented ovine material (sheep) from being used in MBMs in the United States 
and Canada, and has been withdrawn [63]. It is unlikely the exclusion or inclusion 
of sheep in MBM has any more effect on the variation of the product composition 
than the rendering processes itself. 
The average MBM is dark red-brown in color, however, it is known to range from 
tan to dark brown in color, with an average CIE L*a*b* value indicated in Table 5. 
It is generally sold based on the quantity of crude protein, which although it is 
typically high, can be rather variable. MBM has a high mineral content (higher than 
MM) and is relatively low in fat [62]. Like most other thermally denatured proteins, 
those present in MBM have very low solubility in water (~5.4 % of the true protein, 
which is ~55 % of the dry mass). MBM is a heterogeneous mixture of particles; 
those derived from bone are high in ash, while those from soft tissues are high in 
protein. Lower temperature processing typically leads to greater amino acid 
bioavailability, but the phenomenon apparently is not due to improved protein 
solubility, as any correlation between processing parameters, such as ‘peak cooking 
temperature’ and protein solubility has not yet been found [62]. 
As a feedstuff, MM and MBM have been thoroughly characterized including the 
proximate composition, gross energy and amino acid profiles, which are more 
useful for designing non-feed applications. A compilation of typical values for 
general blends of MM and MBM meal are shown in Table 4 and Table 5. 
Meat and bone meal can be distinguished from MM by its higher mineral content, 
containing much higher levels of phosphorus and calcium. More specific variations 
exist, indicative of the raw materials used, for example “poultry meat meal”, 
“porcine meat and bone meal”, or the raw materials composition, for example “meat 
meal” or “meat meal with blood after solvent extraction”. In addition, mixed species 
meat and bone meals can be sold. The comprehensive catalogue of data from the 
U.S. and Canada has been published by the National Academy of Sciences and 
contains average values obtained for proximate analysis of these more specific 
animal by-products, along with nutritional information. This includes digestibility, 
mineral content and amino acid composition [48]. More regular, but less 
comprehensive updates are given as part of the NRC nutritional recommendations 
for livestock [57, 64].  
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Table 4: Typically reported range of product characteristics and proximate analysis of meat and 
bone meals [48, 51, 53, 54, 57, 58, 62], amino acid composition [57, 60] and mineral content reported 
by [48, 51, 57]. 
Characteristic Typical values   
Dry material % 92.9 – 100   
Crude protein % 49.5 – 59.4   
Ether extract % 8.9 – 16.0   
Crude fiber % 1 – 5.13   
Ash 20.7 – 52.9 %   
Moisture content 1.9 – 5.7 %   
pH 5.89 – 7.19   
Protein solubility 2.2 – 7.2 %   
Particle size 25.6 – 800 µm   
Color Light tan brown to dark brown  
CIE L*a*b* value L* = 51.2 
a* = 22.1 
b* = 38.9 
  
Amino acids  Mineral content 
Alanine 9.19 %CP Ca 10.60 – 13.50 % 
Arginine 6.98 – 7.06 %CP P 4.73 – 6.50 % 
Aspartic acid 4.25 %CP Mg 0.24 – 1.20 % 
Cystine 0.94 – 1.01 %CP K 1.02 – 1.56 % 
Glutamine 5.40 %CP Na 0.71 – 0.78 % 
Glutamic acid 7.79 %CP Cl 0.44 – 0.80 % 
Glycine 16.67 %CP S 0.39 % 
Histidine 1.89 – 2.29 %CP Cu 1.5 - 10 mg/kg 
Isoleucine 2.76 – 3.69 %CP Fe 500 - 602 mg/kg 
Leucine 6.13 – 6.85 %CP Mn 12.3 - 22 mg/kg 
Lysine 5.18 – 6.08 %CP Zn 94 mg/kg 
Methionine 1.40 – 2.12 %CP Mo 2.7 mg/kg 
Phenylalanine 3.36 – 3.56 %CP   
Proline 11.3 %CP   
Serine 4.00 %CP   
Threonine 3.27 – 4.65 %CP   
Tryptophan 0.58 – 0.75 %CP   
Tyrosine 2.79 %CP   
Valine 4.20 – 4.29 %CP   
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Table 5: Typically reported range of product characteristics and proximate analysis of meat meal 
[48, 51, 54, 57, 65, 66], amino acid composition [51, 57] and mineral content reported by [48, 51, 
57, 66]. 
Characteristic Typical values   
Dry material % 90.2 – 100   
Crude protein % 51.7 – 58.4   
Ether extract % 9.4 – 12.7   
Crude fiber % 2 – 2.7   
Gross energy kcal/kg 4294   
Ash 18.4 – 26.4 %   
Moisture content 5.4 %   
Color Dark, red-brown   
Amino acids  Mineral content 
Alanine 8.11 %CP Ca 8.49 – 9.01 % 
Arginine 7.06 – 7.96 %CP P 4.18 – 4.44 % 
Aspartic acid 7.96 %CP Mg 0.27 – 0.29 % 
Cystine 0.93 – 1.12 %CP K 0.49 – 0.58 % 
Glutamic acid 12.46 %CP Na 0.78 – 1.78 % 
Glycine 16.38 %CP Cl 0.44 – 1.39 % 
Histidine 2.06 – 2.96 %CP S 0.48 – 0.53 % 
Isoleucine 2.81 – 2.96 %CP Cu 9.7 - 21 mg/kg 
Leucine 6.24 – 6.31 %CP Fe 400 - 701 mg/kg 
Lysine 5.38 – 5.46 %CP Mn 9.5 - 26 mg/kg 
Methionine 1.43 – 1.72 %CP Se 0.45 mg/kg 
Phenylalanine 3.43 – 3.57 %CP Zn 114 - 190 mg/kg 
Proline 10.45 %CP Mo 2.4 mg/kg 
Serine 4.05 %CP   
Threonine 3.12 – 3.38 %CP   
Tryptophan 0.67 – 0.93 %CP   
Tyrosine 2.34 %CP   
Valine 4.06 – 4.44 %CP   
As indicated in the tables, large variation can be expected for some properties of 
MM and MBM as they tend to vary in composition between different rendering 
facilities. In addition, variation of product characteristics also varies significantly 
within a rendering plant, indicating that obtaining MBM from the same plant does 
not guarantee a consistent quality [35]. To ensure better consistency, some 
renderers blend MBM from different sources, resulting in a product with less 
variation in ash and protein content [62].  
Although, MBM has been recommended for use in animal feeds as a source of 
protein due to its high availability of essential amino acids, minerals and vitamin 
B12, MBM and other rendered protein meals have potential for use in other 
applications including as a fuel, phosphorus fertilizer, as a source of amino acids 
for chemical synthesis and for the production of bio-based plastics. 
 176 
3.3 Poultry by-product meals 
By-products of poultry processing include feathers, heads and feet, viscera and meat 
trimmings.  Unlike the meat components, feathers are processed separately to 
produce feather meal.  Keratin is the main protein in feathers and is virtually 
insoluble. To improve digestibility feathers are rendered using a batch or 
continuous hydrolyzer. The material first passes through a spreader to cut up any 
large components such as heads or feet. Hydrolysis is carried out under pressure 
(30-50 psi) for ~45-60 minutes to break peptide and disulfide bonds, as well as 
hydrogen bonding interactions between non-adjacent amino acids. After hydrolysis 
the material is dried to yield feather meal which can be ground to finer particle 
sizes, and is an excellent source of cysteine [10]. Hoof, horn and hair meal are 
produced via a similar process. The typical composition of hydrolyzed feather meal 
is given in Table 6. 
Another means of improving the digestibility of feather meal includes inoculation 
with a feather degrading bacterium (Bacillus licheniformis), which excretes a strong 
keratinase enzyme capable of hydrolyzing collagen, elastin and feather keratin [9]. 
Poultry by-product meal is produced by rendering necks, feet, undeveloped eggs 
and viscera of poultry, excluding feathers. In contrast, poultry meal contains only 
skin, bone and trimmings and excludes feathers, heads, feet and entrails. As a result, 
poultry meal tends to have a lower fat and ash content than poultry by-product meal, 
but due to the large amount of variability within either type of meal it is unlikely 
that there is any real difference in the proximate composition despite the differences 
in the raw materials rendered. Further to this, there appears to be no difference in 
the digestibility of the protein or free amino acids present in the two meals [67]. 
The composition of poultry by-product meal is given in Table 7. 
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Table 6: Typically reported range of product characteristics and proximate analysis of hydrolyzed 
feather meal [51, 57, 58], amino acid composition [57, 60] and mineral content reported by [51, 57]. 
Characteristic Typical values   
Dry material % 91.5 – 93.3   
Crude protein % 81.2 – 92   
Ether extract % 6.2 – 7.0   
Crude fiber % 1 – 1.1   
Ash 3 – 3.5 %   
Color Off-white to brown  
Amino acids  Mineral content 
Alanine 5.09 %CP Ca 0.33 – 0.48 % 
Arginine 6.93 – 6.99 %CP P 0.45 - 0.50 % 
Asparagine 2.03 %CP Mg 0.22 % 
Aspartic acid 3.56 %CP K 0.10 - 0.33 % 
Cystine 5.07 – 5.09 %CP Na 0.34 % 
Glutamine 3.48 %CP Cl 0.20 - 0.26 % 
Glutamic acid 5.86 %CP S 1.39 – 1.20 % 
Glycine 10.90 %CP Cu 10 mg/kg 
Histidine 1.07 – 1.15 %CP Fe 76 mg/kg 
Isoleucine 4.62 – 4.85 %CP Mn 10 mg/kg 
Leucine 8.22- 8.51 %CP Se 0.69 mg/kg 
Lysine 2.57 – 2.63 %CP Zn 90 - 111 mg/kg 
Methionine 0.75 – 0.91 %CP Mo 0.8 mg/kg 
Phenylalanine 4.81 – 4.93 %CP   
Proline 14.37 %CP   
Serine 10.72 %CP   
Threonine 4.73 – 4.84 %CP   
Tryptophan 0.73 – 0.97 %CP   
Tyrosine 2.48 %CP   
Valine 7.02 – 7.52 %CP   
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Table 7:  Typically reported range of product characteristics and proximate analysis of poultry by-
product meal [51, 54, 58, 68], amino acid composition [60, 69] and mineral content reported by [51, 
57]. 
Characteristic Typical values   
Dry material % 92.5 – 93.0   
Crude protein % 51.7 – 63   
Ether extract % 12.5 – 29.5   
Crude fiber % 1.2 – 2.5   
Ash 10.5 – 17 %   
Color Tan to light brown  
Amino acids  Mineral content 
Alanine 7.64 %CP Ca 0.33 – 0.48 % 
Arginine 6.77 – 7.20 %CP P 0.45 - 0.50 % 
Asparagine 4.25 %CP Mg 0.22 % 
Aspartic acid 6.38 %CP K 0.10 - 0.33 % 
Cystine 1.63 %CP Na 0.34 % 
Glutamine 5.51 %CP Cl 0.20 - 0.26 % 
Glutamic acid 7.60 %CP S 1.39 – 1.20 % 
Glycine 14.65 %CP Cu 10 mg/kg 
Histidine 2.02 – 2.12 %CP Fe 76 mg/kg 
Isoleucine 3.61 – 3.64 %CP Mn 10 mg/kg 
Leucine 6.55 – 6.93 %CP Se 0.69 mg/kg 
Lysine 5.35 – 6.27 %CP Zn 90 - 111 mg/kg 
Methionine 2.03 – 2.16 %CP Mo 0.8 mg/kg 
Phenylalanine 3.67 – 3.74 %CP   
Proline 10.45 %CP   
Serine 4.15 %CP   
Threonine 3.55 – 4.43 %CP   
Tryptophan 0.76 – 0.84 %CP   
Tyrosine 2.86 %CP   
Valine 4.49 – 4.81 %CP   
3.4 Seafood by-product meals 
Fish, bones and offal from processed fish are wet or dry rendered to produce a 
brown protein powder known as fish meal. Fish meal can be made from various 
mixed species, usually from the by-catch obtained during harvesting, but is also 
made from the by-products of dressing specific species, such as menhaden, anchovy 
and to a lesser extent, herring [10].  During a dry rendering process, fish oil 
generated during cooking is not removed. The oil is removed during wet rendering 
operations, and is the most common method used. Wet rendering is applied to fish 
which have a high oil content, as removal of the oil is necessary for producing a 
shelf-stable product [43]. After cooking and oil removal, the remaining material is 
hydraulically pressed to remove any liquor and the solids (presscake) are dried and 
ground to produce fish meal. The stickwater can be concentrated and added back to 
the presscake to form wholemeal, or can be sold as a separate products called fish 
solubles [43]. The typical composition of menhaden fish meal and shrimp meal are 
given in Table 8 and Table 9.  
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Table 8:  Typically reported range of product characteristics and proximate analysis of menhaden 
fish meal [57, 65, 68, 70], amino acid composition [57, 70, 71] and mineral content reported by [57, 
70]. 
Characteristic Typical values   
Dry material % 91.2 – 92.0   
Crude protein % 59.0 – 68.5   
Ether extract % 9.1 – 10.4   
Crude fiber % 0.9   
Gross energy kcal/kg 3025 – 4440   
Ash 19.7 – 21.4   
Moisture content 4.8   
Color Brown  
Amino acids  Mineral content 
Arginine 3.43 – 6.04 %CP Ca 4.87 – 5.34 % 
Cystine 0.58 – 0.97 %CP P 2.93 – 3.05 % 
Glycine 7.35 %CP Mg 0.20 % 
Histidine 2.45 – 2.83 %CP K 0.74 % 
Isoleucine 3.67 – 4.09 %CP Na 0.68 % 
Leucine 7.02 -7.22 %CP Cl 0.80 % 
Lysine 7.51 – 7.65 %CP S 1.16 % 
Methionine 2.61 – 2.81 %CP Cu 7 mg/kg 
Phenylalanine 3.59 – 3.99 %CP Fe 562 mg/kg 
Serine 4.08 %CP Mn 32 mg/kg 
Threonine 3.92 – 4.20 %CP Se 2.26 mg/kg 
Tryptophan 0.82 – 1.05 %CP Zn 112 mg/kg 
Tyrosine 1.87 – 2.94 %CP Mo 1.8 mg/kg 
Valine 4.57 – 4.82 %CP   
Table 9:  Typically reported range of product characteristics and proximate analysis of shrimp 
meal [51, 72-75], amino acid composition and mineral content reported by [75]. 
Characteristic Typical values   
Dry material % 89.6 – 99.7   
Crude protein % 22.8 – 50   
Ether extract % 2.5 – 7.5   
Crude fiber % 3.6 – 20   
Ash 14 – 56   
Color Light tan brown  
Amino acids  Mineral content 
Alanine 4.47 %CP Ca 15.6 % 
Arginine 3.82 %CP P 2.0 % 
Aspartic acid 8.11 %CP Mg 0.83 % 
Cystine 0.96 %CP K 0.23 % 
Glutamic acid  10.18 %CP Na 0.31 % 
Glycine 4.56 %CP   
Histidine 1.58 %CP   
Isoleucine 3.58 %CP   
Leucine 5.00 %CP   
Lysine 3.86 %CP   
Methionine 1.75 %CP   
Phenylalanine 7.15 %CP   
Proline 3.25 %CP   
Serine 3.42 %CP   
Threonine 3.42 %CP   
Tryptophan 1.05 %CP   
Tyrosine 4.43 %CP   
Valine 4.34 %CP   
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The meals made from oily fish, such as herring, tend to have much higher fat 
content (~ 8.5 %) [49] compared to other fish species, such as anchovy or sardine 
[55, 57]. Fish meals can be used in all types of animal feeds, usually where the fishy 
odor and flavors are beneficial, such as pet food [10]. Unlike other by-product 
meals, fish meals appear to have significantly higher calcium, phosphorus and 
selenium content, making it an ideal nitrogen and phosphorus rich fertilizer for 
application to selenium deficient soils, such as those found in New Zealand. 
4 Innovations in by-product treatment and uses 
Utilization of animal by-product meals as feed ingredients has become increasingly 
restricted, therefore growing attention has been focused on developing novel, non-
feed applications which have a substantially higher economic value. Higher value 
applications of ABPs generally require the product to already be fit for, or made fit 
for, human consumption or medical use.  For example, blood proteins collected 
under sterile conditions are typically employed as binders, natural color enhancers, 
emulsifiers, fat replacers and meat curing agents, and have also found use as egg 
replacers, protein and iron supplements and as a source of bioactive compounds  
[76].  
The degree to which ABPs can be utilized is often limited not only by the customs, 
religions and regulatory requirements of the region they are processed in, but also 
by the biological and physicochemical properties of the materials. This is 
particularly true for red blood cells and whole blood, which despite their nutritional 
value, are generally not used as food ingredients due to their dark red color and the 
metallic flavor imparted by the high iron content [39]. As a result, the use of blood 
is generally restricted to products where the black color is acceptable, although the 
heme pigment and its chelated iron can be removed through extraction with 
acidified acetone or via bleaching with hydrogen peroxide to remove the color [77]. 
An alternative is to use plasma, which makes up 65 – 70 % of blood by volume and 
contains 7.9 % protein, (albumins, 3.3%, immunoglobulins and globulins, 4.2%, 
and fibrinogen, 0.4%), and is more commonly used in food applications due to its 
neutral flavor and color [39]. 
Blood components, which are currently isolated for medical uses, include 
fibrinogen, fibrinolysin, serotonin, immunoglobulins and plasminogen. Purified 
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bovine serum albumin is used during testing for the Rh factor in human beings, as 
a stabilizer for vaccines and in antibiotic sensitivity tests. Bovine thrombin is used 
to promote coagulation of blood and hold skin grafts in place and porcine plasmin 
enzyme is used to digest fibrin in the blood clots of heart attack patients [78]. 
Innovations have been made over the years to alter the apparent quality of rendered 
products and include various bleaching techniques, addition of antioxidants and 
adulterants. Although some of these treatments enhance the quality of the product, 
adulterants interfere with chemical detection methods used to classify the products, 
placing them higher on the quality and price scale than they should be. 
Potential non-feed uses of ABP meals exploit their high protein concentration. All 
animal by-product meals have potential as a source of biomass for biofuel 
production. Poultry meal, feather meal and MBM have been used as alternative 
nitrogen sources to replace yeast extract during the fermentation of potato starch to 
produce bio-ethanol [79]. Feather meal has recently been shown to be a good source 
of fat for the production of biodiesel while subsequently improving the protein 
concentration of the feather meal [80]. 
The components of MBM could be separated to utilize the protein from particles 
derived from soft tissues or exploited for the high mineral concentration of the bone 
particles. Like other nitrogen rich organic products, MBM has demonstrated an 
ability to control plant pathogens [81], its protein concentrated to create an adhesive 
[82] and as the feedstock for the production of a plastic material designed to be a 
pet chew toy [83]. These and other applications have potential commercial value, 
but with the exception of fuel uses, most have only been implemented on a 
laboratory or demonstration scale [84]. 
Current high value applications of blood products include preparation of blood agar, 
providing a source of hydrolyzates for microbial use, producing commercial 
porphyrin derivatives and enzymes used in medical applications. Recent research 
has also shown promise for the recovery and extraction of bioactive compounds 
from hydrolyzed blood proteins. Some of the peptides studied have shown medical 
benefits including inhibition of the angiotensin I-converting enzyme (subsequently 
minimizing the formation of compounds which cause constriction of blood vessels 
raising blood pressure and creating an antihypertensive effect), antioxidant activity, 
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antimicrobial properties, antigenotoxic effects, mineral-binding ability and opioid 
activity [78, 85]. 
There are still challenges that need to be overcome in order to adopt animal by-
product meals as a feedstock for bio-based products. Many potential applications 
for blood meal and MBM are ruled out by the potential for prion contamination of 
the material [62]. Most of the higher end applications require sterile conditions for 
the collection of the raw material and often, subsequent thermal or chemical 
treatment to ensure its integrity. In cases where it is impractical to collect and 
generate the protein meal under sterile conditions, or where it is considered an 
SRM, other novel applications can be created. Recent examples include extrudable 
thermoplastic materials produced from blood meal and its decolored derivative, 
compression molding of defatted feather meal and whey blends [86] and the 
incorporation of hydrolyzate from SRM as a curing agent to create a thermosetting 
epoxy resin [87]. Protein hydrolyzates have also been shown to have flocculant 
activity, such as those from enzyme hydrolyzed MBM [88, 89].  In the future, amino 
acids derived from animal protein meals may even be used to synthesize commodity 
chemicals, such as acetonitrile [90].  
While there is a significant volume of literature available regarding the physical, 
chemical and nutritive characteristics of ABP meals, including licensed software 
AminoDat®4.0, containing data compiled over decades by the U.S. National 
Research Council, very little data exists which is relevant to the material properties 
and handling of such products. Furthermore, there is limited industry-wide 
information on the sources of raw material used to produce animal by-product 
meals, the rendering treatment used, or geographic availability [62] making 
economic analysis for the pilot scale and start-up phases of novel technologies 
difficult. 
This chapter has shown that differences in the sources of raw material, how they 
are handled and the rendering processes used result in significant variation in the 
physical, chemical and nutritive properties of the animal by-product meals 
produced. As such, innovative technologies designed to utilize these protein meals 
will have to account for this, particularly if the technology is taken to the global 
stage.  
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List of abbreviations 
ABP Animal by-product 
BSE Bovine spongiform encephalopathy 
EDTA Ethylenediaminetetraacetic acid disodium salt 
FFA Free fatty acid 
LW Live weight 
MBM Meat and bone meal 
MM Meat meal 
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